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INTRODUCTION 

The research I have undertaken during the past year has been directed at elucidating 
the biochemical mechanisms that regulate cross-talk between the EGFR and other 
signalling pathways. Recent work in our laboratory has established the importance of a 
c-Src-dependent phosphorylation site on the EGFR, namely, Tyr 845. Mutagenesis 
studies have demonstrated that phosphorylation of this site , which is present in the 
catalytic portion of the EGFR molecule, plays a crucial role in EGF- and serum- induced 
mitogenesis. The finding that serum-induced DNA synthesis was affected by a Y845F 
mutant form of the EGFR, along with recent work from other laboratories which showed 
that the EGFR becomes tyrosine phosphorylated and activated in response to a variety of 
G protein coupled receptor agonists and cytokines, suggests that the phosphorylation of 
the EGFR may be a common signalling event shared by several pathways within the cell. 
My work has focussed on investigating the interaction between pathways regulated by G 
protein coupled receptors, cytokines, and estrogen, and the c-Src dependent 
phosphorylation of EGFR Tyr 845. I have used phosphotryptic mapping techniques to 
investigate the phosphorylation state of Tyr 845 in response to activation of the above 
signalling pathways, as well as measurement of bromodeoxyuridine incorporation to see 
if Tyr 845 phosphorylation is necessary for mitogenesis downstream of these pathways. 



ANNUAL SUMMARY 

Increased expression or activity of tyrosine kinases, and the subsequent deregulation 
of downstream signalling cascades, is thought to play a major role in the genesis and 
progression of many different human cancers. The nonreceptor tyrosine kinase c-Src, 
and the epidermal growth factor receptor (EGFR), are especially implicated in breast 
cancer (reviewed in Biscardi et al., 1999). Overexpression of the human EGFR (HER1) 
and/or the related family member HER2 occurs in 20-30 % of human breast tumors and, 
in the case of HER1, correlates with the loss of estrogen responsiveness (Sainsbury et al., 
1985; Singletary et al., 1987; Koenders et al., 1991; Slamon et al., 1986). Further work 
suggests that HER1 may be involved in later, more aggressive stages of breast cancer 
(Sainsbury et al., 1987; Toi et al., 1991; Battaglia et al., 1988). c-Src also plays an 
important, but as yet undefined, role in human breast cancer. Ottenhalf-Kalff et al. 
(1992) showed that 100% of primary human breast tumors examined displayed increased 
tyrosine kinase activity, and 70% of this cytosolic activity could be attributed to c-Src. 

The dual overexpression of both the EGFR and c-Src in many of the same human 
tumor types suggests that they may interact in some manner to control cellular events 
which could lead to transformation and tumorigenesis. Indeed, our laboratory has used 
fibroblast model systems, human breast cancer cell lines, and tumor tissues to 
demonstrate that overexpression of both these kinases results in increased tumorigenesis 
in nude mice, as well as enhanced signal transduction emanating downstream of the 
receptor (Maa et al., 1995; Biscardi et al., 1998). The EGFR and c-Src physically 
associate in cells where they are co-overexpressed, such as our fibroblast model system 
(5HR11; Maa et al., 1995) and several breast cancer cell lines (MDA 468, MDA 231, 
BT-20, BT-549, and SKBR3; Biscardi et al., 1998). Interestingly, the EGFR becomes 
phosphorylated on two novel tyrosyl residues when in association with c-Src, namely Tyr 
845 and Tyr 1101 (Maa et al., 1995; Biscardi et al., 1999). Tyr 845 lies in the catalytic 
domain, in a highly conserved, critical region of the tyrosine kinase activation lip. 
Mutation of the analogous residue in numerous other tyrosine kinases results in ablation 
of tyrosine kinase activity (Ellis et al., 1986; Fantl et al., 1989; van der Geer and Hunter, 
1991; Vigna et al, 1994; Mohammadi et al., 1996; Zhang et al, 1998). However, other 
groups have not been able to convincingly demonstrate the phosphorylation of Tyr 845. 

Tyr 845 has been the focus of recent publications from our laboratory. Tyr 845 
phosphorylation was observed in c-Src associated EGFR from EGF-stimulated MDA 468 
breast cancer cells, and this phosphorylation could be increased further by overexpression 
of c-Src in these cells (Biscardi et al., 1999). Moreover, 10T1/2 fibroblasts expressing a 
Y845F mutant form of the EGFR were impaired in their ability to synthesize DNA in 
response to both EGF and serum, which suggests that phosphorylation at this position is 
important for mitogenic signalling downstream of EGF and other agonists (Biscardi et al., 
1999; Tice et al, 1999). Tyr 845 phosphorylation is observable only in cells where both 
c-Src and the EGFR are overexpressed and are physically associated, a situation that is 
often found in breast cancer cells and that roughly correlates with increased 
tumorigenicity (Biscardi et al., 1998). This finding provides compelling evidence for 
studying the contribution that EGFR Tyr 845 phosphorylation may play in tumorigenesis. 



lOTl/2 fibroblasts which coexpress wild type EGFR and kinase inactive c-Src (430R 
cells) are impaired in their ability to grow in soft agar and to form tumors in nude mice, 
when compared to their counterparts which overexpress wild type forms of both kinases 
(5HR cells; Tice et al., 1999). While the EGFR is still capable of associating with c-Src 
in response to EGF treatment of the 430R cells, the receptor is not phosphorylated on Tyr 
845 (Tice et al., 1999). These results indicate that the c-Src dependent phosphorylation 
of EGFR Tyr 845 is a necessary event for EGF-induced mitogenesis and tumorigenesis. 

Recent work from several laboratories (Dikic et al., 1996; Daub et al., 1996, 1997; 
Luttrell et al, 1997; Cunnick et al., 1998; Yamauchi et al, 1997) has shown that 
phosphorylation of the EGFR can be elicited by a variety of different agonists, including 
those that bind G-protein coupled receptors (GPCR) and cytokine receptors. The finding 
that serum-induced growth is also dependent on phosphorylation of EGFR Tyr 845 
suggests that this phosphorylation is involved in mediating signalling via G protein 
coupled receptors. Lysophosphatidic acid (LPA), which is the active ingredient in serum, 
binds a Gi/Gq linked receptor and previously has been shown to induce phosphorylation 
of the EGFR and activation of signalling molecules downstream of the EGFR in COS 
cells (Daub et al., 1997; Luttrell et al., 1997). Studies using kinase inactive c-Src, 
pharmacological inhibitors of c-Src, or expression of CSK (Cellular Src Kinase), which 
inactivates c-Src, have shown that c-Src kinase activity is required for the LPA- 
dependent phosphorylation of the EGFR (Daub et al., 1997; Luttrell et al., 1997). 
Thrombin (THR), and endothelin (ET) other GPCR agonists, also induce the 
phosphorylation of the EGFR in when the required G protein is expressed in COS cells 
(Daub et al., 1996, 1997). Additionally, EGFR phosphorylation is triggered by growth 
hormone (GH), a cytokine receptor coupled agonist, in mouse liver (Yamauchi et al., 
1997). The fact that EGFR becomes phosphorylated in response to a variety of different 
extracellular stimuli suggests that this receptor tyrosine kinase may be a central regulator 
of signalling events in the cells. My current work has focussed on elucidating the 
contribution of EGFR Tyr 845 to signalling downstream of these G protein- and 
cytokine- receptor coupled agonists. 

To determine whether Tyr 845 became phosphorylated as a result of activation of G 
protein or cytokine receptor coupled pathways, 10T1/2 fibroblasts expressing either wild 
type EGFR and wild type c-Src (5HR cells) or wild type EGFR and kinase inactive c-Src 
(430R cells) were stimulated for 10 minutes with EGF, ET, GH, isoproterenol (ISO), 
LPA, or thrombin (THR). Cells were lysed in RIPA buffer and subjected to an EGFR 
immunoprecipitation followed by a phosphotyrosine immunoblot (Fig. 1, Appendix). 
While EGF caused the greatest degree of EGFR tyrosine phosphorylation, significant 
increases in EGFR phosphorylation were also elicited by ET, GH, LPA and THR. ET 
and GH elicited the more robust responses, while isoproterenol induced little to increase 
in EGFR phosphorylation, suggesting that the Gscc coupled pathway and the EGFR 
pathway do not interact. These agonists were able to induce tyrosyl phosphorylation of 
the EGFR in both 5HR and 430R cell lines.   However, the level of phosphorylation was 
lower in the 430R cells, indicating that c-Src is necessary for these phosphorylations to 
occur, as has been previously shown in the case of LPA (Daub et al., 1997; Luttrell et al., 
1997). These results demonstrate that the EGFR becomes phosphorylated in COS cells in 
response to a variety of extracellular stimuli, and because of this, the EGFR may 
participate in a large array of signalling pathways within the cell. 



To determine if the EGFR and c-Src were able to physically associate in response to 
these agonists, c-Src immunoprecipitates from CHAPS lysates of 5HR cells treated for 10 
minutes with the above agonists were subjected to an immune complex kinase reaction 
(Fig. 2). Lefkowitz and colleagues (1997) have previously shown that LPA is capable of 
triggering the formation of a c-Src/EGFR heterocomplex in COS cells. As our laboratory 
has previously shown (Maa et al., 1995; Biscardi et al., 1999), EGF treatment of 
fibroblasts or breast cancer cells which overexpress both c-Src and EGFR causes the 
physical association of c-Src and the EGFR. Interestingly, treatment of 5HR cells with 
ET, GH, LPA and THR also induced association between c-Src and EGFR. LPA 
treatment resulted in a very robust association, while ET, GH, and THR triggered 
association to a lesser extent. Treatment with these agonists did not appear to affect the 
autophosphorylation of c-Src. However, it remains unclear whether the GPCR and 
cytokine-receptor coupled agonists act to increase EGFR phosphorylation by increasing 
the EGFR's ability to autophosphorylate, or by increasing the ability of c-Src to 
phosphorylate the receptor. While c-Src kinase activity does not appear to be altered by 
treatment with these agonists, it is possible that treatment with GH, LPA, ET and THR 
results in the movement of c-Src to a particular subcellular signalling complex, where it 
is in a more optimal position to phosphorylate the EGFR. 

To gain further insight into the GPCR-and cytokine coupled receptor mediated 
phosphorylation of the EGFR, tryptic phosphopeptide mapping was performed on the c- 
Src associated EGFR derived from 5HR and 430R cells treated with the panel of 
agonists. GH, LPA and ET all triggered the phosphorylation of Tyr 845 (previously 
identified in response to EGF (Maa et al., 1995; Biscardi et al., 1999)) in the c-Src 
associated EGFR derived from 5HR cells (Fig. 3, bottom row). Interestingly, no 
phosphorylation of Tyr 845 was observed in response to any of the treatments in 430R 
cells (Fig. 3, top row), indicating that the phosphorylation of Tyr 845 requires c-Src 
kinase activity. The other c-Src dependent phosphorylation, Tyr 1101, was also present 
in these cells, but agonist treatment did not increase its phosphorylation over 
unstimulated levels (data not shown). Additionally, the tryptic map derived from c-Src 
associated EGFR from ISO treated 5HR cells showed a barely visible pattern of spots, 
with no Tyr 845 phosphorylation observed (data not shown). Thus, unlike the Gq (ET) 
and Gi/Gq (LPA) coupled pathways, the Gsa coupled pathway is unlikely to interact with 
EGF-mediated signalling. These results suggest that the phosphorylation of EGFR Tyr 
845 is a more general phenomenon which occurs in response to the activation of a 
number of signalling pathways, and that c-Src kinase activity is required for its 
phosphorylation regardless of the signalling mechanism involved. 

The fact that Tyr 845 resides in the activation loop of the kinase domain indicates that 
phosphorylation of this residue may in some way affect signalling through the EGFR. 
Recent work from our laboratory has demonstrated that phosphorylation of Tyr 845 is 
critical for both EGF and LPA induced mitogenesis (Biscardi et al., 1999; Tice et al., 
1999). Cells expressing a Y845F mutant form of the EGFR, and either basal levels or 
overexpressed levels of c-Src, were impaired in their ability to synthesize DNA in 
response to EGF and serum (Biscardi et al, 1999; Tice et al., 1999). Given the fact that 
other GPCR and cytokine receptor mediated pathways seem to trigger phosphorylation of 
EGFR Tyr 845, it is possible that this phosphorylation site may be necessary for 
mitogenesis in response to these other agonists. To test this hypothesis, cells 



overexpressing wild-type c-Src were transiently transfected with either wild type or 
Y845F EGFR. Following a 24 hour post-transfection recovery period, cells were serum 
starved for 30 hrs, then incubated with bromodeoxyuridine (BrdU) and one of the panel 
of agonists for 19 hours. Cells were then processed for double immunofluorescence 
labelling as described previously (Biscardi et al., 1999; Tice et al., 1999). Fig. 4 shows 
that expression of a Y845F mutant EGFR resulted in decreased DNA synthesis in 
response to EGF, as well as to the GPCR ligands LPA and ET. Another GPCR ligand, 
thrombin, did not appear to be mitogenic in this cell system. The fact that LPA- and ET- 
induced mitogenesis is dependent on the ability to phosphorylate EGFR Tyr 845 suggests 
that this phosphorylation site is a common, critical target downstream of a wide variety of 
mitogenic stimuli. 

In addition to being a mediator of signalling resulting from GPCRs and the growth 
hormone receptor, there is increasing evidence that crosstalk exists between EGF- 
mediated and estrogen-mediated pathways. It has long been known that EGF is able to 
induce transcription of estrogen-responsive genes via activation of the AF-1 (ligand- 
independent) region of the estrogen receptor (Ignar-Trowbridge et al., 1992, 1993). It has 
been hypothesized that the EGFR triggers activation of the mitogen-activated protein 
kinase (MAPK), which phosphorylates the estrogen receptor at position 118 in the AF-1 
region (Kato et al, 1995; Bunone et al., 1996). More recent work shows that c-Src 
signalling can be regulated by estrogens. For example, estrogen causes increases in c-Src 
autophosphorylation and kinase activity in MCF7 breast cancer cells, and the 
concomitant activation of the MAPK pathway (Migliaccio et al., 1993, 1996, 
1998). Moreover, both c-Src kinase activity and MAPK activity were found to be 
necessary for estrogen-induced proliferation of MCF7 cells (Castoria et al., 1999). An 
intriguing hypothesis for the crosstalk between estrogen and c-Src kinase pathways could 
involve the c-Src mediated phosphorylation of EGFR Tyr 845. Since Tyr 845 
phosphorylation appears to be a general response to activation of EGF, cytokine, and G 
protein mediated pathways, it is possible that Tyr 845 phosphorylation may be triggered 
by estrogen as well. 

To test this possibility, MCF7 human breast cancer cells maintained in charcoal 
stripped serum were transiently transfected with either wild type or Y845F EGFR, serum 
starved for 30 hours in phenol red free-media, then incubated for 19 hours with BrdU and 
either EGF or estradiol (3 ^M). Cells were then processed for double 
immunofluorescence labelling as described (Tice et al., 1999). MCF7 cells responded 
mitogenically to both EGF and estrogen (Fig. 5). Moreover, expression of Y845F mutant 
EGFR resulted in a decrease to basal levels of both EGF- and estradiol- induced DNA 
synthesis. This result indicates that Tyr 845 phosphorylation is a critical event for 
estrogen induced mitogenesis. Taken together with the above results, it appears that the 
c-Src mediated phosphorylation of Tyr 845 is a central event that is crucial for 
mitogenesis downstream of various G- protein coupled, cytokine, and estrogen receptors. 

In addition to studying the role of Tyr 845 phosphorylation in EGFR crosstalk, our 
laboratory has also begun elucidating which biochemical pathway(s) downstream of Tyr 
845 phosphorylation lead to mitogenesis. Initial studies comparing 5HR (which dually 
overexpress wild type EGFR and c-Src) and 430R cells (which overexpress wild type 
EGFR and kinase inactive c-Src, and in which EGFR Tyr 845 phosphorylation is not 
observed) did not reveal any differences in the EGF- dependent 



activation/phosphorylation of several signalling molecules downstream of the EGFR 
including She, phospholipase Cy, MAPK, STAT3, and PB-kinase (DA Tice and JS 
Biscardi, unpublished results). Moreover, COS cells which were transiently transfected 
with either wild type or Y845F mutant EGFR did not show any differences in EGFR 
autophosphorylation activity, She phosphorylation or MAPK activation (Tice et al., 
1999). However, very preliminary evidence shows that the phosphorylation of MAPK, 
She, and c-Cbl, an adapter protein specific to the EGFR signalling pathway, is actually 
increased in 430R cells versus 5HR cells stimulated with growth hormone and the G 
protein coupled agonists (data not shown). This unexpected result may hint at the 
upregulation of alternate signalling pathways in the 430R cells, which are growth- 
compromised, to compensate for the lack of EGFR Tyr 845 phosphorylation. Thus, it is 
likely that another, as yet undescribed pathway controls growth downstream of Tyr 845 
phosphorylation. Additional preliminary evidence points to a role for STAT5b in 
regulating signalling downstream of EGFR Tyr 845 phosphorylation, in that decreased 
EGF-dependent STAT5b phosphorylation is observed in 430R cells with respect to 5HR 
cells (Silva et al, unpublished results). I am currently collaborating with Corinne Silva, 
an assistant professor at the University of Virginia, to investigate the mechanism by 
which c-Src and the EGFR contribute to signalling through STA5b in breast cancer cells. 

The last aspect of my work this year deals with elucidating the function of the other c- 
Src-dependent phosphorylation of EGFR, namely, Tyr 1101. This tyrosyl residue is 
present in the carboxy terminus of the EGFR, and thus may serve as a docking site for 
EGFR substrate molecules. In vitro evidence has shown that c-Src can bind a peptide 
containing a phosphorylated Tyr 1101 via a PTyr/SH2 interaction (Lombardo et al., 
1995). Thus, it is intriguing to speculate that upon EGF stimulation, c-Src creates its own 
binding site on Tyr 1101 of the EGFR. To this end, I have been instructing an 
undergraduate student in the laboratory, and we have created a Yl 10IF mutant form of 
the EGFR. We have expressed this construct in COS cells, and will investigate any 
possible effects on downstream signal transduction, mitogenesis, and tumorigenesis. 



Key Research Findings: 

• Phosphorylation of the EGFR can be triggered by agonists besides EGF: namely, 
those that work through G protein coupled receptors (LPA, ET, THR) and cytokine 
receptors (GH). 

• These agonists are also capable of inducing association between c-Src and the EGFR. 
• Tyr 845, a critical residue in the activation lip of the EGFR catalytic domain, 

becomes phosphorylated in response to a number of agonists including EGF, ET, 
LPA, and GH. 

• C-Src kinase activity is required for the phosphorylation of Tyr 845 to occur 
downstream of the above stimuli. 

• Mutation of Tyr 845 to phenylalanine results in ablation of EGF, LPA, ET and 
estrogen dependent mitogenesis. 



Reportable Outcomes: 
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Accumulating evidence indicates that interactions be- 
tween the epidermal growth factor receptor (EGFR) and 
the nonreceptor tyrosine kinase c-Src may contribute to 
an aggressive phenotype in multiple human tumors. 
Previous work from our laboratory demonstrated that 
murine fibroblasts which overexpress both these tyro- 
sine kinases display synergistic increases in DNA syn- 
thesis, soft agar growth, and tumor formation in nude 
mice, and increased phosphorylation of the receptor 
substrates She and phospholipase y as compared with 
single   overexpressors.   These   parameters   correlated 
with the ability of c-Src and EGFR to form an EGF-de- 
pendent heterocomplex in vivo. Here we provide evi- 
dence that association between c-Src and EGFR can 
occur directly, as shown by receptor overlay experi- 
ments, and that it results in the appearance of two novel 
tyrosine phosphorylations on the receptor that are seen 
both in vitro and in vivo following EGF stimulation. 
Edman degradation analyses and co-migration of syn- 
thetic peptides with EGFR-derived tryptic phosphopep- 
tides identify these sites as Tyr"45 and Tyr1101. Tyr1101 

lies within the carboxyl-terminal region of the EGFR 
among  sites  of receptor  autophosphorylation,   while 
Tyr84B resides in the catalytic domain, in a position anal- 
ogous to Tyr416 of c-Src. Phosphorylation of Tyr4'6 and 
homologous residues in other tyrosine kinase receptors 
has been shown to be required for or to increase cata- 
lytic activity, suggesting that c-Src can influence EGFR 
activity by mediating phosphorylation of Tyr845. Indeed, 
EGF-induced phosphorylation of Tyr845 was increased 
in MDA468 human breast cancer cells engineered to 
overexpress c-Src as compared with parental MDA 468 
cells. Furthermore, transient expression of a Y845F var- 
iant EGFR in murine fibroblasts resulted in an ablation 
of EGF-induced DNA synthesis to nonstimulated levels. 
Together, these data support the hypothesis that c-Src- 
mediated phosphorylation of EGFR Tyr845 is involved in 
regulation of receptor function, as well as in tumor 
progression. 

The epidermal growth factor receptor (EGFR)1 is a 170-kDa 
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1734 solely to indicate this fact. 
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1 The abbreviations used are: KuFR. epidermal growth factor recep- 

single-pass transmembrane tyrosine kinase that undergoes ho- 
mo- or heterodimerization and enzymatic activation following 
ligand binding (1. 2). These events result in the trans-(auto)- 
phosphorylation of multiple Tyr residues in the COOH-termi- 
nal tail of the molecule that serve as binding sites for cytosolic 
signaling proteins containing Src homology 2 (SH21 domains 
(3). Five sites of in vivo autophosphorylation have been identi- 
fied in the EGFR: three major (Tyr1068, Tyr1148, and Tyrmr!) 
and two minor (Tyr992 and Tyr1086) (.4-7). These sites bind a 
variety of downstream signaling proteins which contain SH2 
domains, including She (8) and PLCy (9). Binding of these or 
other signaling proteins to the receptor and/or their phospho- 
rylation results in transmission of subsequent signaling events 
that culminate in DNA synthesis and cell division. 

c-Src is a nonreceptor tyrosine kinase that functions as a 
co-transducer of transmembrane signals emanating from a va- 
riety of polypeptide growth factor receptors, including the 
EGFR (see Refs. 10 and 11. and reviewed in Ref. 12). Overex- 
pression of wild type (wt) and dominant negative forms of c-Src 
in murine C3H10T1/2 fibroblasts that express normal levels of 
receptor, as well as experiments involving the microinjection of 
antibodies specific for Src family members, have revealed that 
c-Src is a critical component of EGF-induced mitogenesis (10, 
11, 13). Cells which express high levels of EGFR become trans- 
formed upon continual exposure to EGF (14), and co-overex- 
pression of c-Src in these cells dramatically potentiates their 
growth and malignant properties (15). Together, these findings 
indicate that c-Src co-operates with the EGFR in the processes 
of both mitogenesis and transformation. 

Subsequent studies in 10T1/2 cells revealed that potentia- 
tion of EGF-induced growth and tumorigenesis by c-Src, which 
is observed only in cells overexpressing both c-Src and the 
receptor, correlates with the EGF-dependent formation of a 
heterocomplex containing c-Src and activated EGFR. the ap- 
pearance of two unique in vitro non-autophosphorylation sites 
on receptors in complex with c-Src. and enhanced //) vivo ty- 
rosyl phosphorylation of the receptor substrates, PLCy and She 
(15). These findings suggested that c-Src-dependent phospho- 
rylations on the EGFR can result in hyperactivation of receptor 
kinase activity, as measured by the enhanced ability of the 
receptor to phosphorylate its cognate substrates. This report 
identifies Tyr8"'r' and Tyr'101 as c-Src-dependent sites of phos- 
phorylation, which are present both in vitro and in vivo in 
receptor from 10T1/2 double overexpressing fibroblasts and 

tor; DMEM, Dulbecco's modified Eagle's medium; CHAPS. 3-((3-chol- 
amidopropyl)dimethylammonio]-l-propanesulfonic acid: PLCy. phos- 
pholipase Cy; PIPES, 1.4-piperazinediethanesulfonic acid: PAGE, 
polyacrylamide gel electrophoresis: HFLC, high performance liquid 
chromatographv; BrdUrd. bromodeoxyuridine; GST. glutathione .S- 
transferase; mAb. monoclonal antibodv. 
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from MDA468 human breast cancer cells. In the MDA468 cells, 
overexpression of c-Src results in a further increase in the 
phosphorylation of Tyr845, indicating that c-Src either phospho- 
rylates this site directly or activates a secondary kinase which 
is responsible. Moreover, cells which transiently express EGFR 
bearing a Tyr to Phe mutation at Tyr84n are impaired in their 
ability to synthesize DNA in response to EGF, suggesting that 
this c-Src mediated phosphorylation site is important for re- 
ceptor function. 

MATERIALS AND METHODS 

Cell Lines—The derivation and characterization of the clonal 
C3H10T1/2 murine fibroblast cell lines used in this study, Neo (control), 
5H (c-Src overexpressor), NeoRl (human EGFR overexpressor), and 
5HR11 (c-Src/EGFR double overexpressor I have been described previ- 
ously (10, 11, 13). 5H and 5HR11 express equal levels of c-Src (~25-fold 
over endogenous), and NeoR and 5HR11 express nearly equal levels of 
cell surface receptors (-2 x 10" receptors/cell or ~40-fold over endog- 
enous). Cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM, Life Technologies, Inc., Gaithersburg, MD), containing 10% 
fetal calf serum, antibiotics, and G418 (400 /Mg/ml). When indicated, 
confluent cultures were starved of serum overnight, prior to stimulation 
with 100 ng/ml purified mouse EGF (Sigma). 

To create cells transiently overexpressing HER1 which contained a 
Tyr to Phe mutation at position 845, a Dralll-BstEU fragment from 
pCOll (gift of Laura Beguinot). including the mutation at position 
845, was subcloned into a pcDNA vector containing wild type human 
HER1 (gift of Dr. Stuart Decker. Parke Davis, Ann Arbor, MI). Neo 
control 10T1/2 fibroblasts were transiently transfected with 30 \xg of 
Superfect (Qiagen, Chatsworth CA) and 4 /ig of vector, wt HER1, or 
Y845F HER1 plasmid DNA according to the manufacturers' direc- 
tions and incubated for 48 h. 

For overexpression of c-Src in breast cancer cells, pcDNAc-Src was 
constructed by inserting the c-Src Xhol fragment from an existing 
pVZneo vector into the multicloning site of pcDNA3 (Invitrogen, San 
Diego, CA). MDA468 cells, obtained from N. Rosen (Sloan Kettering 
Cancer Center, New York), were maintained in DMEM plus 5% serum. 
MDA468 cells stably overexpressing chicken c-Src (clone MDA468c-Src) 
were generated by Lipofectin™ (Life Technologies, Inc.)-mediated gene 
transfer of pcDNAc-Src into parental MDA468 cells and selection with 
400 jig/ml G418. Parental MDA468 cells overexpress c-Src approxi- 
mately 5-fold, as compared with Hs578Bst normal breast epithelial 
cells, and contain approximately 106 receptors/cell (Ref. 16),2 while 
MDA468c-Src cells overexpress c-Src approximately 25-fold over levels 
found in normal breast epithelial cells. 

Antibodies—EGFR-specific mouse monoclonal antibodies (mAbs) 3A 
and 4A were provided by D. McCarley and R. Schatzman of Syntex 
Research, Palo Alto, CA. Their derivation has been described previously 
and their epitopes have been mapped to residues 889-944 and 1052- 
1134, respectively. EGFR-specific mAb F4. directed against amino acids 
985-996, was obtained from Sigma. GD11 antibody is directed against 
the SH3 domain of c-Src and was characterized previously in our 
laboratory (17, 18). Q9 antibody was raised in rabbits against the 
COOH-terminal peptide of c-Src 'residues 522-533) and exhibits a 
higher affinity for c-Src than for other Src family members (19, 20). 
Antiphosphotyrosine (TyrlP)) antibody (4G10> was purchased from UBI 
(Lake Placid, NY). Negative control antibodies included pooled and 
purified normal rabbit or mouse immunoglobulin. 

Immunoprecipitation, Western Itnmunoblotting. and in Vitro Kinase 
Assays—Methods for immunoprecipitation. Western immunoblotting, 
and in vitro kinase assays have been described previously (10, 11, 15). 
Cells were lysed either in CHAPS detergent buffer (10 mil CHAPS, 50 
mM Tris-HCl, pH 8.0, 150 m.\l NaCl, 2 mM EDTA, 1 HIM sodium or- 
thovanadate, 1 mM phenylmethylsulfonyl fluoride. 50 /ig/ml leupeptin, 
and 0.5% aprotinin), or in RIPA detergent butler (0.259; sodium deoxy- 
cholate. 1% Nonidet P-40. 50 m.\i Tris-HCl. pH 7.2. 150 mM NaCl, 2 mM 
EDTA, 1 mM sodium orthovanadate, 50 /jg/ml leupeptin, and 0.5% 
aprotinin). Protein concentrations o:'detergent lysates were determined 
by the BCA protein assay (Pierce. Rockford. ILl 500 fig of cell lysate 
was used for immunoprecipitations. and 50 jug was used for Western 
blotting. For Western immunoblor:mg. binding of primary murine or 
rabbit antibodies to Immobilon membranes was detected with either 
125I-labeled goat anti-mouse IgG <XEN Life Science Products Inc.) or 
125I-protein A (NEN) used at 1 /iCi ml. specific activity 100 nCi/ml. For 

kinase assays, immunoprecipitates were prepared in and washed twice 
in CHAPS buffer, then washed twice with HBS buffer (150 mM NaCl, 
20 mM HEPES, pH 7.4). Each kinase reaction was conducted in 20-/nl 
volumes containing 20 mM PIPES, pH 7.5, 10 mM MnCl2, and 10 /iCi 
of [y-32P]ATP (6000 Ci/mmol, NEN) for 10 min at room temperature. 
Incubations were terminated by addition of sample buffer, and la- 
beled products were resolved by SDS-PAGE and visualized by 
autoradiography. 

In Vitro Binding and Far Western Analysis Using GSTc-SrcSH2— 
The construction and preparation of GST fusion proteins containing the 
SH2 domain of c-Src was described previously (21). To reconstitute 
binding between tyrosyl-phosphorylated EGFR and the SH2 domain of 
c-Src, 2 /ig of immobilized GST-c-SrcSH2 fusion protein was incubated 
with 100 fig of 10T1/2 cell lysate protein prepared in RIPA buffer. After 
3 h gentle mixing at 4 °C, beads were washed three times with RIPA 
buffer, resuspended in SDS sample buffer, and boiled. Eluted proteins 
were separated by SDS-PAGE, transferred to Immobilon, and immu- 
noblotted with either the Tyr(P) or the 3A/4A or F4 (Sigma) monoclonal 
EGFR antibodies. 

To assess direct binding of GST-c-SrcSH2 to the EGFR, receptor 
from 500 ßg of cell lysate protein in RIPA buffer was immunoprecipi- 
tated with 3A/4A mAbs. The resulting EGFR immunoprecipitates 
were resolved by SDS-PAGE, transferred to Immobilon membranes, 
and incubated with 1 mg/ml purified GST-c-SrcSH2 fusion protein in 
blocking buffer at 4 °C overnight. The membrane was then probed 
with 1 fig/ml affinity purified, polyclonal rabbit anti-GST antiserum 
in blocking buffer,3 and immunoglobulin binding was detected by 
125I-protein A. 

Metabolic Labeling—NeoRl or 5HR11 cells were grown to 50-75% 
confluency in 150-mm dishes, washed with phosphate-free DMEM, and 
incubated for 18 h in phosphate-free DMEM containing 0.1% dialyzed 
fetal bovine serum and 1 mCi/ml [32P]orthophosphate (NEN Life Sci- 
ence Products Inc.) in a final volume of 10 ml. For pervanadate treat- 
ment, labeling medium was adjusted to a concentration of 3 mM H202 

and 5 /xM Na3V04 just prior to EGF stimulation. Cells were stimulated 
in the presence of pervanadate by addition of 100 ng/ml EGF to the 
labeling medium for 5 min, washed twice with phosphate-free DMEM, 
and lysed in CHAPS detergent buffer. Extract from an entire plate 
(approximately 1-2 mg of protein) was immunoprecipitated with c-Src 
or EGFR-specific antibodies as described above. 

Two-dimensional Tryptic Phosphopeptide Analysis—Immunoprecipi- 
tates of in vitro or in vivo 32P-labeled EGFR were resolved by SDS- 
PAGE. The EGFR was localized by autoradiography, excised from the 
gel, and digested with trypsin as described by Boyle et al. (22). Phos- 
photryptic peptides were separated by electrophoresis at pH 1.9 in the 
first dimension and ascending chromatography in the second dimension 
on cellulose thin layer chromatography (TLC) plates. Chromatography 
buffer contained isobutyric acid, 1-butanol, pyridine, acetic acid, H.,0 
(125:3.8:9.6:5.8:55.8). Migration of synthetic phosphopeptides was de- 
tected by spraying the dried TLC plate with a hypochlorite solution 
consisting of sequential sprays with 10% commercial Clorox, 95% eth- 
anol, 1% potassium iodide, and saturated o-tolidine in 1.5 M acetic acid, 
as described in Stewart and Young (23). 

High Performance Liquid Chromatography (HPLC)—For HPLC 
analysis of peptides derived from the EGFR associated with c-Src, 
32P-labeled phosphotryptic peptides were prepared as above and sus- 
pended in 0.05% trifluoroacetic acid. Peptides were injected into a 
Perkin-Elmer Series 4 Liquid Chromatograph equipped with a Vydac 
C18 column (4.6 x 250 mm) and eluted with increasing concentrations 
of acetonitrile (0 to 100%) at a flow rate of 1 ml/min, as described by 
Wasilenko et al. (24). 500-/M1 fractions were collected, and Cerenkov 
counts of each fraction were determined. Fractions containing peptides 
"0" and "3" were identified by two-dimensional TLC analysis for their 
ability to co-migrate with the appropriate peptide in a mixture of total 
in vitro phosphorylated receptor peptides. Appropriate fractions were 
then lyophilized and subjected to Edman degradation. 

Edman Degradation—HPLC fractions of 32P-labeled EGFR phospho- 
tryptic peptides or spots eluted from TLC plates were subjected to 
automated Edman degradation, as performed by the University of Vir- 
ginia Biomolecular Research Facility. Briefly, phosphorylated peptides 
were coupled to a Sequelon aryl amine membrane (25), washed with 4 x 
1 ml of 27% acetonitrile, 9% trifluoroacetic acid, and 2 x 1 ml of 50% 
methanol. and transferred to an applied Biosystems 470A sequenator 
using the cartridge inverted as suggested by Stokoe et al. (26). The cycle 
used for sequencing was based on that of Meyer et al. (27), but modified 

2 N. Rosen, personal communic.i ' J. H. Chang and S. Parsons, unpublished data. 
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by direct collection of anilinothiazolinone amino acids in neet trifluoro- 
acetic acid as described by Russo et al. (28). Radioactivity was measured 
by Cerenkov counting. 

Identification of Peptides 0 and 3—Phosphorylated peptides (corre- 
sponding to residues GMN(Y-P)LEDR, candidate for peptide 3; or E(Y- 
P)HAEGGK, candidate for peptide 0) were synthesized by the Univer- 
sity of Virginia Biomolecular Research Facility. Synthetic peptides 
were mixed with oxidized in vitro labeled phosphotryptic peptides from 
c-Src-associated EGFR, separated on cellulose TLC plates, and visual- 
ized by spraying with the hypochlorite solution as described above. One 
candidate for peptide 3 (GMNYLEDR) was synthesized as a phos- 
phopeptide and tested for comigration as above. Another candidate for 
peptide 3 (DPHY1101QDPHSTAVGNPEYLNTVQPTCVNSTF DSPAH- 
WAQK), which was too large to chemically synthesize, was tested by 
further digestion of in vitro labeled peptide 3 with a proline-directed 
protease (Seikagaku, Rockville, MD), according to the method of Boyle 
et al. (22). In brief, the spot corresponding to peptide 3 was scraped off 
the TLC plate, eluted with pH 1.9 buffer, and digested with 5 units of 
proline-directed protease in 50 mtl ammonium bicarbonate at pH 7.6 at 
37 °C for 1 h. Peptides were separated by two-dimensional electrophore- 
sis as described above. 

BrdUrd Incorporation—Neo control cells, which had been trans- 
fected with cDNAs encoding wild type EGFR, Y845F EGFR, or vector 
alone were cultured for 48 h, then serum starved for an additional 30 h 
prior to the administration of 100 /UM BrdUrd and either 100 ng/ml EGF 
or 10% fetal calf serum in fresh growth medium. Treated cells were 
incubated for 18 h and co-stained for HER1 expression and BrdUrd 
incorporation as described by the manufacturer of the BrdUrd-specific 
antibody (Boehringer Mannheim). Briefly, fixed cells were treated with 
2 N HC1 for 1 h at 37 °C and incubated with a mixture of primary 
antibodies (1:100 dilution of the HERl-specific Ab-4, and a 1:15 dilution 
of anti-BrdUrd mouse antibody in serum-free medium for 1 h at 37 °C), 
followed by incubation with a mixture of secondary antibodies (75 /xg/ml 
fluorescein isothiocyanate-conjugated goat anti-rabbit IgG and 4 jug/ml 
Texas Red-conjugated goat anti-mouse IgG) for 1 h at 37 °C. Both 
secondary reagents were obtained from Jackson Immunoresearch Lab- 
oratories, West Grove, PA. 

RESULTS 

Direct Binding ofc-Src SH2 Domain to the EGFR—Previous 
work from our laboratory demonstrated a synergistic interac- 
tion between c-Src and the EGFR which led to increased cell 
growth and tumor development (10, 11, 15). This functional 
synergism was most striking when cells overexpressed both 
c-Src and the EGFR (5HR cells) and correlated with the ability 
ofc-Src and the EGFR to form specific, EGF-dependent hetero- 
complexes in vivo. The formation of this c-Src-EGFR complex 
raises the question of whether binding between c-Src and the 
EGFR occurs directly, or is mediated by another protein pres- 
ent in the complex. To test whether association could be medi- 
ated by a Tyr(P)-SH2 interaction, lysates from unstimulated 
and stimulated Neo, 5H, NeoR, or 5HR cells were incubated 
with a GST-c-SrcSH2 bacterial fusion protein linked to agarose 
beads, and precipitated proteins were probed with Tyr(P) an- 
tibody. Fig. 1, panel A, lanes 4 and 8, show that a tyrosyl- 
phosphorylated protein of 170 kDa was precipitated by GST-c- 
SrcSH2 from extracts of cells overexpressing the EGFR after 
activation of the receptor with EGF. This 170-kDa protein 
co-migrated with the EGFR precipitated with receptor-specific 
mAbs 3A/4A (data not shown). Other proteins that bound c- 
SrcSH2 included pl25FAK (21), which was detected in all the 
cell lysates, a 75-80-kDa protein, cortactin. which was most 
prominent in 5H cells (30), and a 62-kDa protein, presumed to 
be related to the 62-kDa "DOK" protein associated with 
pl20R,sGAP (31-34). These results suggest that in vivo, multi- 
ple Tyr(P)-containing proteins in addition to the EGFR are 
capable of interacting with c-Src via its SH2 domain and con- 
tribute to the highly tumorigenic phenotype of the double over- 
expressing cells. Incubation of cell extracts with GST-beads 
alone resulted in no detectable binding of Tyr(P)-containing 
proteins (data not shown). 

To confirm that the 170-kDa protein was indeed the EGFR. 
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FIG. 1. In vitro association between activated EGFR and c-Src 
SH2 domain. 500 ixg of lysate protein from the indicated nonstimu- 
lated cells or cells stimulated with 100 ng/ml EGF for 2 min was 
incubated with GST-c-SrcSH2 fusion protein immobilized on glutathi- 
one-agarose beads (Panels A and B) or EGFR mAbs 3A/4A bound to 
Protein A (Panels C and D), as described under "Materials and Meth- 
ods." Affinity-precipitated proteins were washed and subjected to SDS- 
PAGE, transferred to Immobilon membranes, and probed with: A. 
Tyr(P) mAb 4G10; B, EGFR mAbs 3A/4A; C, GST-c-Src SH2 fusion 
protein; and D, EGFR mAb 3A/4A. Binding of primary antibody was 
visualized by incubating membranes with 125I-labeled goat anti-mouse 
IgG (Panels A, B, and D), and binding of GST-c-SrcSH2 fusion protein 
was detected by rabbit anti-GST and 125I-protein A (Panel C). GST-c- 
SrcSH2 fusion protein is shown to bind directly to activated EGFR. 

lysates prepared from unstimulated and stimulated NeoR and 
5HR cells were precipitated with immobilized GST-c-SrcSH2, 
and bound proteins were immunoblotted with EGFR-specific 
mAbs 3A/4A. Fig. 1, Panel B, demonstrates that receptor anti- 
body detected the 170-kDa protein only in stimulated cells, as 
in Panel A, confirming its identity as the EGFR. To test if the 
interaction between the activated EGFR and c-SrcSH2 could be 
direct, receptor immunoprecipitates were subjected to a "Far 
Western" overlay experiment, using GST-c-SrcSH2, GST-spe- 
cific antibody, and 125I-protein A. Fig. 1, Panel C, lanes 2 and 4, 
shows that GST-c-SrcSH2 bound the EGFR and, as predicted, 
the interaction required activation by EGF. GST alone exhib- 
ited no binding (data not shown). Panel D verified that nearly 
equal amounts of receptor were present in all immunoprecipi- 
tates. These results provide evidence for the involvement of 
SH2-Tyr(P) interactions in the formation of the EGFR-c-Src 
complex. 

In Vivo and in Vitro Phosphorylation of Novel. Non-auto- 
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Fir 2 EGFR phosphotryptic peptides radiolabeled in vitro or in vivo. For in vitro labeling (Panc/s A and B), 5HR and NeoR cells were 
stimulated StolOO nffioF for 30 min, followed by lvsis in CHAPS buffer and immunoprecipitation of extract proteins with either c-Src-specific 
SD > oEOTR-!S 3AMA?antibody. Precipitated proteins were then subjected to an in vitro kinase reaction, and products were ana yzed 
by SDSPAGE^d autobiography. Fo" in vivo experiments (Panel C), cells were labeled for 18 h in' Phosphat-freef-dia containing 
FPlorthoohosohate stimulated with 100 ng/ml EGF for 5 min in the presence of pervanadate, and lysed in CHAPS butler. Extracts were 
LS^ÄSted'^GDll antibody, and precipitated proteins were analyzed by SDS-PAGE and autoradiography. c-Src-associated P_ 
WITFCFR a elutedI from eel slices and samples were trvpsinized and analyzed by two-dimensional TLC as described previously (17). Labeled 
SSKrS byltorad ography. pLl A, in vilo labeled EGFR immunocomplexes from NeoR cells (2000 cpm); Panel B in vitro 
Fabelef c-S«Lassodated EGFR fiom 5HR cells .2000 cpm); Panel C, c-Src-associated EGFR from 5HR cells labeled in vivo (3000 cpm). Tryptic maps 
were exposed to Pegasus Blue film (Pegasus, Burtonsville. MD) for 18 h. 

phosphorylation Sites on the EGFR in Complex with c-Src— 
Overexpression of both EGFR and c-Src in 10T1/2 cells results 
in increased tyrosyl phosphorylation of receptor substrates, 
PLCy and She, following EGF treatment (15). These findings 
suggest that the c-Src-associated receptor is modified in some 
manner as to increase its kinase activity. To examine the 
receptor for novel phosphorylations, the in vitro phosphoryl- 
ated, c-Src-associated 170-kDa protein was excised from the gel 
and subjected to two-dimensional phosphotryptic peptide anal- 
ysis. The phosphopeptide map of c-Src-associated receptor was 
then compared with the map of the free receptor, immunopre- 
cipitated with receptor antibody. Fig. 2, Panels A and B, dem- 
onstrate that the maps are nearly identical; however, two ad- 
ditional phosphorylations (designated peptides 0 and 3) were 
seen in the map of the EGFR complexed with c-Src, suggesting 
that c-Src was responsible for their phosphorylation. Consist- 
ent with this notion, two-dimensional phosphoamino acid anal- 
ysis of the in vitro labeled EGFR demonstrated that peptides 0 
and 3 contained only phosphotyrosine (data not shown). Panel 
C shows that the two novel phosphopeptides were also detected 
in the receptor found in complex with c-Src from 32P metabol- 
ically labeled 5HR cells that had been treated with pervana- 
date and EGF for 5 min. These data indicate that two phos- 
phorylations occur on the EGFR both in vitro and in vivo when 
c-Src becomes physically associated with the receptor following 
EGF stimulation. 

Initial attempts to detect peptides 0 and 3 in receptor immu- 
noprecipitations from 32P-labeled NeoR or 5HR cells yielded 
phosphopeptide maps that contained peptide 3 but no or barely 
detectable levels of peptide 0 (Fig. 3, Panels A and C). Neither 
could peptide 3 nor peptide 0 be detected reproducibly in re- 
ceptor that was associated with c-Src from 5HR cells (data not 
shown). Furthermore, in receptor immunoprecipitations, the 
levels of peptide 3 derived from NeoR versus 5HR cells ap- 
peared nearly equal (compare Panels A and C), suggesting that 
peptide 3 may not be an in vivo. c-Src-dependent site of phos- 
phorylation. In these experiments, lysates were prepared in 
CHAPS buffer containing a mixture of conventional protease 
and phosphatase inhibitors, including orthovanadate (see "Ma- 
terials and Methods"). However, modification of the EGF treat- 
ment regimen to include pervanadate during stimulation al- 
lowed us to detect peptide 0 in receptor immunoprecipitates 
from NeoR (Panel B) and 5HR i Panel D) cells. These conditions 
revealed more peptide 0 in receptor from 5HR than from NeoR 
cells, confirming the ability of c-Src to modulate the phospho- 
rylation of thisV'ptide. of special note was the finding that 
peptide 0 was the- only peptide ^en to increase in phosphoryl- 

A     NeoR cells/R IP (-) PV B     NeoR cells/R IP+PV 
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C      5HR cells/R IP (-)PV 
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D 5HR cells/R IP + PV 

FIG. 3. Phosphorylation of peptides 0 and 3 in metabolically 
labeled pervanadate-treated cells. NeoR and 5HR cells were incu- 
bated for 18 h with [32P]orthophosphate as above. Pervanadate (3 mil 
H20., and 5 juM Na.,VO,) was added (Panels B and D) or not (Panels A 
and C) along with' 100 ng/ml EGF for 5 min prior to lysis in RIPA 
detergent buffer. EGFR was immunoprecipitated with mAbs 3A/4A, 
and the receptor was processed for phosphotryptic analysis as described 
in the legend to Fig. 3. Panel A, EGFR from NeoR cells; Panel B, EGFR 
from pervanadate-treated NeoR cells; Panel C, EGFR from 5HR cells; 
Panel D, EGFR from pervanadate-treated 5HR cells. -3000 cpm were 
loaded per TLC plate. TLC plates were exposed to Pegasus blue film for 
18 h. 

ation in response to pervanadate treatment, suggesting that its 
phosphorylation is more labile than that of peptide 3 or the 
other phosphorylations on the receptor, which presumably cor- 
respond to autophosphorylation sites. Together with the in 
vitro studies depicted in Fig. 2, the results from the in vivo 
experiments indicate that peptide 0 is an in vitro and in vivo 
site of receptor phosphorylation that is regulatable by c-Src. 
Following this line of reasoning, the low level of peptide 0 
phosphorylation seen in receptor immunoprecipitates from 
NeoR cells (Fig. 3, Panel B) could be due to endogenous c-Src. 
However, the involvement of other tyrosine kinases in the in 
vivo phosphorylation of peptide 0 cannot be ruled out. 

Whether c-Src alone plays a role in regulating the phospho- 
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FIG. 4. Edman degradation of pep- 
tides 0 and 3. Peptides 0 and 3 were 
isolated by HPLC and subjected to auto- 
mated Edman analysis. A, 3'2P from pep- 
tide 0 was released at the second cycle, 
indicating a phosphorylated tyrosine at 
position 2; B, :,2P from peptide 3 was re- 
leased at the fourth cycle, indicating a 
phosphorylated tyrosine at position 4. 
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rylation of peptide 3 in vivo is less clear. In vitro, peptide 3 
phosphorylation appears to be unique to the receptor associ- 
ated with c-Src (compare Panels A and B of Fig. 2), and HPLC 
analysis corroborates this, where phosphorylation of the peak 
corresponding to peptide 3 was found to be ~3.5-fold greater 
when the receptor was associated with c-Src versus free recep- 
tor (data not shown). Furthermore, the level of in vivo phos- 
phorylation of peptide 3 in the c-Src-associated receptor is 
greater than that found in the "free" receptor (compare Fig. 2, 
Panel C, with Fig. 3, Panel D). However, peptide 3 is readily 
detected in free receptor labeled in vivo, and its level of phos- 
phorylation does not appear to increase to any great extent in 
5HR versus NeoR cells (Fig. 3, Panels B and D). These data can 
be interpreted to mean either that peptide 3 contains a non- 
labile site of phosphorylation. regulatable by c-Src (in contrast 
to peptide 0), or that phosphorylation of peptide 3 may be 

regulated by an additional tyrosine kinase in vivo. 
To identify the amino acids phosphorylated in vitro in a 

c-Src-dependent manner, fractions containing peptides 0 and 3 
were isolated by HPLC. Peptide 0 eluted at 8.5% acetonitrile, 
while peptide 3 eluted at 10.5% acetonitrile (not shown). These 
HPLC fractions, which were of greater than 95% purity, were 
subjected to sequential Edman degradation to determine the 
cycle number at which radioactivity was released. Results from 
these analyses indicated that a phosphoamino acid residue was 
located at the second position of peptide 0 (Fig. 4, Panel A) and 
at the fourth position of peptide 3 (Fig. 4, Panel B). Of the 
tryptic peptides generated from the intracellular domain of the 
EGFR which contain Tyr residues, those peptides containing 
Tyr845, Tyr867, or Tyr891 were potential candidates for peptide 
0, while those peptides containing Tyr803 or Tyr1101 were po- 
tential candidates for peptide 3 (see Table I). 
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TABLE I 
Candidates for peptides 0 and 3 

Peptide 0 

845 

Peptide 3 

Glu-Tyr-His-Ala-Glu-Gly-Gly-Lys 
867 

Ile-Tyr-Thr-His-Gln-Ser-Asp-Val-Trp-Ser-Tyr-Gly-Val-Thr-Val 
Trp-Glu-Leu-Met-Thr-Phe-Gly-Ser-Lys 

891 
Pro-Tyr-Asp-Gly-Ile-Pro-Ala-Ser-Glu-Ile-Ser-Ser-Ile-Leu-Glu 

Lys 

803 
Gly-Met-Asn-Tyr-Leu-Glu-Asp-Arg 

1101 
Asp-Pro-His-Tyr-Gln-Asp-Pro-His-Ser-Thr-Ala-Val-Gly-Asn 
Pro-Glu-Tyr-Leu-Asn-Thr-Val-Gln-Pro-Thr-Cys-Val-Asn-Ser 
Thr-Phe-Asp-Ser-Pro-Ala-His-Trp-Ala-Gln-Lys       

The Tyr845-containing peptide was selected for further study 
as a candidate for peptide 0. since it showed 50% homology to 
sequences contained within the autophosphorylation site of Src 
(Tyr416), indicating that it could be a potential c-Src target. The 
octamer composed of E(P-Y843)HAEGGK (peptide 0) was chem- 
ically synthesized to include a phosphorylated Tyr845 and an- 
alyzed either alone (Fig. 5. Panel A) or in a mixture with total 
peptides from in vitro labeled, c-Src-associated receptor by 
two-dimensional TLC (Panel C). The synthetic octamer comi- 
grated with peptide 0 in the mixture, thereby identifying Tyr845 

as the phosphorylated residue in peptide 0. 
Since peptides 0 and 3 migrated similarly in the two-dimen- 

sional chromatography, it was expected that they would share 
similar isoelectric points and hydrophobicities. Both can- 
didates for peptide 3 iGMNY803LEDR or DPHY1101 

QDPHSTAVGNPEYLNTVQPTCVNSTFDSPAHWAQK, see 

Table I) had theoretical isoelectric points and calculated hydro- 
phobic indices (22) similar to those of the Tyr845-containing 
peptide, indicating that both were potential candidates. The 
Tyr803-containing peptide was selected first for further study, 
since it was smaller and more easily synthesized. However, this 
synthetic phosphopeptide did not co-migrate with peptide 3 nor 
with any of the other EGFR phosphopeptides (data not shown), 
indicating that the Tyr1101-containing peptide was the pre- 
ferred candidate. To verify the identity of peptide 3, in vitro 
labeled peptide 3 was scraped off the TLC plate, eluted with pH 
1.9 buffer, and subjected to further digestion with a proline- 
directed protease as described under "Materials and Methods." 
Since, of the two candidate peptides, only the Tyr1101- 
containing peptide contains proline residues, any change in 
mobility resulting from digestion with this protease would con- 
firm its identity as peptide 3. As a control, peptide 0, which 
does not contain any proline residues, was digested with pro- 
line-directed protease and no change in mobility was observed 
(data not shown). Fig. 6 shows that digestion of spot 3 with the 
proline-directed protease resulted in a change of migration 
primarily in the first dimension (compare Panel A with Panel 
B). To confirm that a mobility shift was indeed occurring, 
digested and undigested peptide 3 were mixed (Panel C). The 

results identify peptide 3 as Tyr1101. 
Phosphorylation ofTyr*1* end Tyr"01 in HER1 from Breast 

Tumor Cells—OUT laboratory has previously demonstrated the 
presence of EGF- dependent c-Src-EGFR heterocomplexes in 
several human breast tumor cell lines including MDA468, 
which overexpresses both c-Src and HER1 (16). Since the pres- 
ence of this heterocomplex is correlated with general increases 
in downstream receptor-mediated signaling and tumorigenic- 
ity in these cells, as compared with cell lines which do not 
overexpress the EGFR, we wished to investigate whether 
Tyr843 and/or Tyr1101 were phosphorylated in c-Src-associated 
EGFR derived "from breast :v.mor cells. Fig. 7 demonstrates 

that phosphopeptides 0 and 3 are both present in in vitro 
labeled, c-Src-associated EGFR from EGF-stimulated MDA468 
cells, although peptide 0 is weakly detected in the absence of 
pervanadate treatment. To further investigate the role of c-Src 
in mediating the phosphorylation of these sites, an MDA468 
derivative cell line which stably overexpresses c-Src approxi- 
mately 25-fold over levels in normal breast epithelial cells 
(MDA468c-Src cells, Panel B) was created. In these cells, the 
phosphorylation of peptide 0 (Tyr845) was greatly enhanced, 
while the phosphorylation of peptide 3 (Tyr1101) was un- 

changed (Panel C). 
Role of Tyr845 in EGF-dependent Mitogenesis—A tyrosyl res- 

idue homologous to Tyr845 is conserved in many other receptor 
tyrosine kinases, and mutation of these conserved tyrosines to 
phenylalanine results in a reduced ability of the receptors to 
signal downstream events (35-37). Thus, it is possible that 
mutation of Tyr845 to phenylalanine would likewise decrease 
EGF-dependent signaling through the EGFR. To directly test 
the requirement of Tyr845 phosphorylation for receptor func- 
tion, a variant receptor bearing a Y845F mutation was tran- 
siently transfected into Neo cells, and the effects on DNA 
synthesis were assayed by measuring bromodeoxyuridine 
(BrdUrd) incorporation in response to EGF (Fig. 8). The level of 
BrdUrd incorporation in cells expressing the Y845F mutant 
EGFR was reduced to approximately 309? of that induced by 
the wild type receptor, indicating that the mutant EGFR could 
interfere with the function of endogenous receptor and was 
thus acting in a dominant negative manner. Similar results 
were obtained when Y845F receptor was expressed in cells 
which overexpress c-Src (38). These findings suggest that phos- 
phorylation of Tyr845 is necessary for the mitogenic function of 

the receptor. 

DISCUSSION 

Previous studies from our laboratory using the C3H10T1/2 
murine fibroblast model demonstrated that simultaneous over- 
expression of c-Src and EGFR potentiates EGF-dependent mi- 
togenesis, transformation, and tumorigenesis, as well as EGF- 
dependent association of c-Src with the receptor and increases 
in tyrosyl phosphorylation of the receptor substrates She and 
PLCy (15). These events correlated with the appearance of two 
novel tyrosine phosphorylation sites on the receptor, suggest- 
ing that one mechanism by which c-Src could synergize with 
the EGFR is by physically complexing with it and mediating 
the phosphorylation of novel non-autophosphorylation tyrosine 
residues, which in turn may result in hyperactivation of the 
receptor and enhanced phosphorylation of receptor substrates. 
This increased signaling would then culminate in augmented 
cell division and tumor growth. Such a model was recapitulated 
in breast cancer cell lines of epithelial origin, wherein cell lines 
that express high levels of c-Src and EGFR exhibit EGF-de- 
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FIG. 5. Identification of peptide 0. 
The octapeptide E(Y-P)HAEGGK was 
synthesized to contain phosphorylated 
Tyr81" and analyzed by two-dimensional 
electrophoresis/chromatography on TLC 
plates, either alone [Panel A) or in a mix- 
ture with total in vitro labeled tryptic 
phosphopeptides derived from the recep- 
tor which co-precipitated with c-Src '.Pan- 
el C). The synthetic phosphopeptide. de- 
tected by hypochlorite spraying, co- 
migrated with tryptic peptide 0, verifying 
Tyrs'15 as the site on the receptor whose 
phosphorylation is dependent on c-Src. 
Panel B, total phosphopeptides from c- 
Src-associated receptor alone. Panel D. 
sequence homology between the peptide 
containing Tyr416 of c-Src and the peptide 
containing Tyrsir' of the EGFR. 3000 cpm 
of in vitro labeled tryptic phosphopeptides 
were loaded along with 2 /xg of synthetic 
phosphopeptide. 
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C. In vitro Src/R + peptide D 
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A     Peptide 3 undigested        B      Peptide 3 digested C Mix 

FIG. 6. Identification of peptide 3. In vitro phosphorylated peptide 3 (as in Fig. 55) was scraped and eluted from the TLC plate and subjected 
to digestion with proline-directed protease. Undigested or digested, eluted peptide 3 was then analyzed by two-dimensional TLC either alone 
{Panels A and B. respectively) or mixed [Panel C). The altered mobility of digested peptide 3 indicates the presence of a proline in the sequence 
and identifies the peptide as containing Tyr11"1. 100 cpm of either digested or undigested peptide 3 were loaded on each TLC plate. 

pendent association between c-Src and the receptor, aug- 
mented signaling through She and MAP kinase, and enhanced 
tumor formation, as compared with breast tumor cell lines 
which do not overexpress both c-Src and the EGFR (16). Be- 
cause these and other studies link c-Src and the EGFR etiolog- 
ically to tumorigenesis and malignant progression in many 
human tumors (reviewed in Ref. 12), identification of the two 
novel c-Src-dependent phosphorylations on the receptor and de- 
termination of their functions has taken on added importance, as 
they represent possible sites for therapeutic intervention. 

Here we identify these c-Src dependent sites as Tyr84" and 
Tyr1101 and demonstrate that they become phosphorylated in 
murine fibroblasts both in vitro and in vivo in c-Src/EGFR 
double overexpressing cells in an EGF-dependent manner. En- 
hanced phosphorylation of TyrS4il was also observed in 
MDA468 human breast cancer cells when c-Src was overex- 
pressed, indicating that such phosphorylations can occur in 
cells of both mesodermal and epithelial origin. More impor- 
tantly, the fact that cells expressing a Y845F variant of the 
EGFR are impaired in their ability to synthesize DNA in re- 
sponse to EGF treatment provides direct evidence for the im- 
portance of this phosphorylation. Together, these findings sup- 
port the hypothesis that the c-Src-mediated phosphorylation of 
Tyr's4;> is a critical event for EGFR function, and in certain situ- 

ations where overexpression of these molecules exists (such as in 
certain breast tumors), the increased receptor signaling resulting 
from this phosphorylation could lead to enhanced tumorigenesis. 

Tyr84'' resides in an intriguing position on the receptor, 
namely in the activation lip of the kinase domain (39, 401. 
Amino acid sequences in this lip are highly conserved among 
tyrosine kinases (41). Crystallographic studies indicate that 
phosphorylation of Tyrri'm homologues stabilizes the activation 
lip, maintains the enzyme in an active state, and provides a 
binding surface for substrate proteins: while mutation of these 
sites in their respective receptors results in decreases in cell 
growth and transformation (37. 40-43). A similar situation 
appears to exist for the EGFR. as cells expressing the Y845F 
variant receptor showed decreases in their ability to respond 
mitogenically to EGF. This impairment of DNA synthesis oc- 
curred both in a background of endogenous levels of c-Src. as 
shown here, as well as in cells where c-Src was overexpressed 
(38). This finding argues that endogenous levels of c-Src are 
capable of mediating the phosphorylation of Tyr845 and that the 
Y845F form of the receptor acts in a dominant negative fashion. 
Which downstream targets of the receptor are affected in var- 
ious cell types by the Y845F mutation is not known. Other 
studies from our laboratory demonstrate that EGF-induced 
increases in She and mitogen-activated protein kinase tyrosvl 
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FIG. 7. Phosphorylation of Tyr845 and Tyr1101 in MDA468 
breast tumor cells. MDA46S or i\IDA46Sc-Sre cells were stimulated 
witli 100 ng/ml EGF for 30 min. followed by lysis in CHAPS buffer and 
immunoprecipitation of extract proteins with either c-Src-specific 
(GDI 1) or EGFR-specific (F4) antibody. Precipitated proteins were then 
subjected to an in vitro kinase reaction. The labeled EGFR was eluted 
from gel slices, and samples were trypsinized and processed as de- 
scribed previously in the legend to Fig. 3. Labeled peptides were visu- 
alized by autoradiography. Panel A. phosphotryptic peptides from in 
vitro labeled EGFR immunocomplexes from MDA468 cells (4000 cpm). 
Panel B, protein extracts 150 /ugi from MDA468 parental, 5HR, or 
MDA468c-Src cells which overexpress c-Src. were separated by SDS- 
PAGE and subjected to immunoblotting with GD11 antibody. Panel C, 
phosphotryptic peptides from in vitro labeled. c-Src-associated EGFR 
from MDA468c-Src cells 14000 cpm'. 

phosphorylation occur normally when the Y845F receptor is tran- 
siently co-expressed in COS cells (38). This finding suggests that 
a mitogen-activated protein kinase-independent pathway plays 
a more dominant role in mitogenic signaling emanating from 
the receptor when it is phosphorylated on Tyr84'5. 

That phosphorylation of this Tyr84'' residue may regulate 
receptor activity is consistent with the observation that a 
Tyj.S'15 homologue is not found in the EGFR family member 
erbB3/HER3, which is known to lack kinase activity (44). How- 
ever, unlike the situation resulting from mutation of the anal- 
ogous site in other receptor tyrosine kinases, mutation of 
Tyr845 does not appear to alter the EGF receptor's ability to 
autophosphorylate or to phosphorylate the downstream sub- 
strate, She (38). In many tyrosine kinases. including Src, JAK 
2, and receptors for colony stimulating factor-1, platelet-de- 
rived growth factor, insulin, and fibroblast growth factor, the 
Tyr845 homologue is an autophosphorvlated residue (35, 36, 
45—18). However, to date Tvr""' has not been identified as an 
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FIG. 8. Phosphorylation of Tyr845 is required for EGF-induced 
DNA synthesis. Neo control cells were transfected with plasmid DNA 
encoding Y845F or wild type EGFR, cultured for 2 days, serum starved 
for 30 h, and left untreated or treated with 40 ng/ml EGF for an 
additional 18 h. Cells were fixed and co-stained for EGFR expression 
and BrdUrd incorporation. Results are expressed as the mean per- 
cent ± S.E. of cells expressing EGFR that were positive for BrdUrd 
incorporation. Thirty-five to 75 cells were analyzed for each variable in 
three independent experiments. 

autophosphorylation site for the EGF receptor. This could be 
due to the highly labile nature of the phosphorylation and/or to 
the fact that c-Src appears to regulate its phosphorylation (see 
Figs. 2, 3, and 7). Together these findings raise a number of 
questions: namely, whether c-Src phosphorylates Tyr845 di- 
rectly, whether binding of c-Src to the receptor causes the 
receptor to phosphorylate itself, or whether another tyrosine 
kinase which mediates the phosphorylation is recruited into 
the complex or activated by c-Src. 

Several pieces of evidence support the hypothesis that c-Src 
phosphorylates the receptor directly. First, Tyr845 is homolo- 
gous to Tyr416 in Src, which is an autophosphorylation site for 
Src (39). Additional evidence comes from our studies with both 
10T1/2 murine fibroblasts and MDA468 breast cancer cells 
overexpressing c-Src, where an enhanced phosphorylation of 
Tyr845 is observed. Moreover, other studies from our laboratory 
demonstrate that overexpression of a kinase inactive form of 
c-Src in 10T1/2 cells or in MDA468 cells results in a striking 
decrease in Tyr845 phosphorylation (38).4 These latter findings 
indicate that c-Src kinase activity is necessary for the phospho- 
rylation of Tyr845 and strongly argue that Tyr845 is a direct 
substrate of c-Src. Last, in vitro affinity precipitation and Far 
Western analyses (Fig. 1, this report, and Refs. 29, 49, and 50) 
demonstrate that the c-Src SH2 domain can bind activated 
EGFR specifically and directly, suggesting that recruitment of 
other tyrosine kinases is not necessary to mediate the phospho- 
rylation of Tyr845. However, other EGFR family members (in- 
cluding HER2/new) (2, 51, 52) and several cytosolic tyrosine 
kinases, such as other c-Src family members (13) and JAK 
kinases (53, 54), have been reported to be involved in receptor- 
mediated signaling, and we cannot exclude their possible in- 
volvement in phosphorylation of Tyr845 or of Tyr1101. Whether 
simple binding of c-Src induces a conformational change in the 
receptor so that it can autophosphorylate is a much more 
difficult question to address, a question that minimally awaits 
identification of the c-Src-binding site. 

Other investigators have also described Src-mediated phos- 
phorylations on the EGFR, and Wasilenko et al. (24) demon- 

' J. S. Biscardi and D. A. Tice. unpublished results. 
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'strated that in NIH3T3 cells co-expressing the transforming 
oncoprotein v-Src along with EGFR, the receptor contained 
several novel sites of tyrosine phosphorylation, one of which 
they postulated might be Tyr845 (SPY1). Sato et al. (55) provide 
additional evidence for phosphorylation of Tyr845 in A431 cells 
in a c-Src-dependent fashion, while Stover et al. (56) showed 
that Tyr891 and Tyr920 were phosphorylated in the c-Src-asso- 
ciated EGFR derived from MCF7 cells. However, neither we 
nor Sato et al. (55) have been able to detect phosphorylation of 
Tyr891 or Tyr920, and none of these reports have linked the 
various phosphorylations to biological changes in receptor ac- 
tivity {e.g. mitogenesis, tumorigenesis). Thus, while there is 
some discrepancy among the different cell systems, our data 
and those of others indicate that Tyr845 is a major c-Src-de- 
pendent phosphorylation site on the EGFR, and that it is 
associated with increases in receptor function. These findings 
suggest that multiple tyrosine phopshorylations may be regu- 
lated by c-Src. 

A potential role for Tyr1101 is more unclear, as this residue is 
not conserved among EGFR family members and its phospho- 
rylation level in vivo is not as noticeably altered upon c-Src 
overexpression as is that of Tyr845 (see Fig. 3). However, 
Tyr1101 may function as a docking site for novel or known 
signaling proteins, perhaps in an SH2-dependent manner sim- 
ilar to that of the other autophosphorylation sites in the COOH 
terminus. One of the candidate binding proteins is c-Src itself. 
In peptide inhibition experiments using synthetic peptides to 
inhibit the binding between the EGFR and the SH2 domain of 
c-Src, the SH2 domain of c-Src was shown to bind Tyr992 (49, 
55) and Tyr1101 (50) preferentially. Thus, c-Src could bind one 
of these sites, which could position it to phosphorylate Tyr845. 
In MDA468 breast cancer cells, Tyr845 appeared to be the site 
most affected by c-Src. While the data from the 10T1/2 system 
suggests that the phosphorylation of both Tyr1101 and Tyr845 is 
dependent on c-Src, it may be that the phosphorylation of each 
peptide turns over at different rates in different cell types. Also, 
the endogenous levels of c-Src in the parental MDA468 cells 
may be capable of phosphorylating Tyr1101 to a maximal extent, 
and no further phosphorylation could result from overexpres- 
sion. In this regard, overexpression of c-Src may allow for 
maximal phosphorylation of Tyr845 if this phosphorylation 
turns over at a faster rate, which appears to be the case as the 
results from Fig. 4 indicate. 

Our data show that phosphorylation on Tyr840 appears to be 
critical for EGFR-mediated mitogenesis. Moreover, our results 
(Figs. 3 and 7) suggest that basal levels of c-Src are able to 
mediate phosphorylation of Tyr845 to some extent, and that this 
phosphorylation is important to receptor function. In a cell 
where overexpression and/or activation of c-Src has occurred, 
as is found in breast cancer, the proper negative regulation of 
this phosphorylation may be lost, resulting in the increased 
EGF-dependent signaling and tumorigenicity. We speculate 
that c-Src and EGFR act synergistically (via phosphorylation of 
the receptor by c-Src) to induce enhanced signaling,in cells 
which overexpress both these kinases. 
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ABSTRACT       Overexpression of both cellular Src (c-Src) 
and the epidermal growth factor receptor (EGFR) occurs in 
many of the same human tumors, suggesting that they may 
functionally interact and contribute to the progression of 
cancer. Indeed, in murine fibrobiasts, overexpression of c-Src 
has been shown to potentiate the mitogenic and tumorigenic 
capacity of the overexpressed EGFR. Potentiation correlated 
with the ability of c-Src to physically associate with the 
activated EGFR and the appearance of two unique in vivo 
phosphorylations on the receptor (Tyr-845 and Tyr-1101). 
Using stable cell lines of C3H10T'/2 murine fibrobiasts that 
contain kinase-deficient (K-) c-Src and overexpressed wild- 
type EGFR, we show that the kinase activity of c-Src is 
required for both the biological synergy with the receptor and 
the phosphorylations on the receptor, but not for the associ- 
ation of c-Src with the receptor. In transient transfection 
assays, not only epidermal growth factor but also serum- and 
lysophosphatidic acid-induced DNA synthesis was ablated in 
a dominant-negative fashion by a Y845F mutant of the EGFR, 
indicating that c-Src-induced phosphorylation of Y845 is 
critical for the mitogenic response to both the EGFR and a G 
protein-coupled receptor (lysophosphatidic acid receptor). 
Unexpectedly, the Y845F mutant EGFR was found to retain its 
full kinase activity and its ability to activate the adapter 
protein SHC and extracellular signal-regulated kinase ERK2 
in response to EGF, demonstrating that the mitogenic pathway 
involving phosphorylation of Y845 is independent of ERK2- 
activation. The application of these findings to the develop- 
ment of novel therapeutics for human cancers that overex- 
press c-Src and EGFR is discussed. 

Considerable evidence has accumulated in recent years to 
suggest that cellular Src (c-Src) and members of the epidermal 
growth factor (EGF) receptor (EGFR) family are critical 
elements in the etiology of multiple human cancers. Both 
kinases are found overexpressed in many of the same types of 
tumors, including glioblastomas and carcinomas of the colon, 
breast, and lung (1-4), raising the question of whether they 
functionally interact to promote the growth of these malig- 
nancies. In breast cancer, overexpression of EGFR family 
members is estimated to occur in 60% or more of the cases (5). 
and overexpression of the family member HER2/NEU, has 
been associated with a poor prognosis for the disease (6). 
Recent reports have also described overexpression of c-Src in 
a significant majority of patients with breast cancer, a fre- 
quency that approaches 100% (1). Studies to assess the onco- 
genic potential of each kinase have shown that the EGFR is 
tumorigenic when overexpressed in cultured fibrobiasts and 
activated by ligand (7, 8), but overexpression of c-Src alone is 
insufficient for malignant transformation (°. 10). 

A possible role for c-Src in tumorigenesis was revealed when 
it was demonstrated in C3H10T!i murine fibrobiasts that 
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co-overexpression of c-Src and the EGFR resulted in a syn- 
ergistic increase in EGF-induced DNA synthesis, growth in 
soft agar, and tumorigenesis, as compared with cells overex- 
pressing either the EGFR or c-Src alone (11). This cooperation 
correlated with the EGF-dependent formation of a physical 
complex between c-Src and the EGFR (11), the appearance of 
two unique sites of tyrosine phosphorylation (Y845 and 
Y1101) on the c-Src-associated EGFR, and increased phos- 
phorylation of receptor substrates (11). These results suggest 
that one mechanism by which c-Src could augment the mito- 
genic/tumorigenic activity of the receptor is by associating 
with and hyperactivating the receptor by phosphorylation of 
novel tyrosine residues. Co-overexpression, co-association, 
and phosphorylation of Y845 and Y1101 have also been 
observed in human tumor cells (12-15), suggesting that syn- 
ergism between c-Src and the EGFR may occur in a subset of 
human tumors as well as in murine fibrobiasts. 

To determine whether phosphorylation of Y845 or Y1101 is 
critical to the biological synergy between c-Src and the EGFR 
and to determine whether c-Src is responsible for mediating 
the phosphorylations, we analyzed a panel of murine fibro- 
biasts that overexpressed either wild-type (wt) c-Src (K+ 
c-Src) or kinase-defective c-Src (K- c-Src) alone or together 
with the EGFR for growth properties and the presence of a 
stable complex containing the EGFR and c-Src. We found that 
K- c-Src inhibits EGF-dependent growth in soft agar and 
tumorigenesis in nude mice even though it is still capable of 
associating with the receptor. However, K- c-Src was unable 
to mediate the phosphorylation of Y845 on the receptor. As a 
direct test of the requirement of this phosphorylation for 
receptor function, we engineered a variant receptor harboring 
a Y845F mutation in the EGFR and observed that this 
mutated receptor ablated EGF, serum, and lysophosphatidic 
acid (LPA)-induced DNA synthesis without inhibiting recep- 
tor kinase activity or activation of the extracellular signal- 
regulated kinase ERK2. The data support a model wherein 
phosphorylation of Y845 on the EGFR by c-Src is required for 
EGF-induced mitogenesis and tumorigenesis in a manner that 
appears to be independent of ERK2. 

MATERIALS AND METHODS 

Cell Lines. The derivation, characterization, and mainte- 
nance of the clonal C3H10T'/2 murine fibroblast cell lines Neo 
(control), K+ (wt chicken c-Src overexpressors), K- (A430V 
kinase-deficient, chicken c-Src overexpressors), EGFR (wt 
human EGFR overexpressors), and EGFR/K+ (wt EGFR/wt 
c-Src double overexpressors) have been described previously 
(10, 11, 16). EGFR/K- (wt EGFR overexpressors/kinase- 
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'deficient c-Src) cell lines were derived by infection of K- cells 
with a recombinant amphotropic retrovirus encoding the 
human EGFR (8), cloning by limiting dilution, and screening 
for overexpression of the receptor and maintenance of K- 
c-Src by Western immunoblotting. Clonal cell lines used in this 
study were estimated to express 25,000-60.000 human EGFRs 
per cell, based on comparative Western blotting analysis that 
used as a standard a C3H10T'/2 cell line that by Scatchard 
analysis was shown to express approximatelv 200,000 receptors 
per cell (5HR11 cells) (11). Clones included EGFR5, EGFR8, 
EGFR27, EGFR/K+s, EGFR/K+9, EGFR/K+10, and 
EGFR/K-2, EGFR/K-5, EGFR/K-41, and EGFR/K-56. 
K+ and K- c-Src overexpression was estimated to be 20- to 
25-fold over endogenous. 

Western Immunoblotting. Western blot analysis was per- 
formed as previously described (11, 16), using Ab-4 rabbit 
polyclonal antibody (Calbiochem) or F-4 mouse monoclonal 
antibody (mAb)(Sigma) to detect the EGFR, purified 2-17 
mAb (Quality Biologicals; Gaithersburg, MD) or EC10 ascites 
fluid mAb (prepared in our laboratory and used at a 1:10,000 
dilution) to identify c-Src, polyclonal anti-SHC antibody (Up- 
state Biotechnology; Lake Placid. NY) to visualize SHC, B3B9 
mAb (17) to detect MAPK, polyclonal anti-phospho-MAPK 
antibody (Promega), or 4G10 anti-phosphotyrosine antibody 
(Upstate Biotechnology) to detect tyrosine-phosphorylated 
SHC. 125I-labeled protein A (ICN) or ,25I-labeled goat anti- 
mouse or anti-rabbit Ig (New England Nuclear) and autora- 
diography were employed to localize binding of primary 
antibodies. 

Colony Formation in Soft Agar and Tumorigenicity. An- 
chorage-independent growth was measured as previously de- 
scribed (11). Colonies were stained for 20 hr at 37°C in a 
solution of iodonitrotetrazolium violet (1 /xg/ml; Sigma) in 
water and counted by using EAGLESIGHT analysis software 
(Stratagene). The soft agar colony data include analysis of 
three separate clones for each cell type. EGFR5, EGFR8, 
EGFR27, EGFR/K+s, EGFR/K+9, EGFR/K+10, EGFR/ 
K-;, EGFR/K-j, and EGFR/K-56. Assessment of tumor 
formation in Taconic nu/nu mice was performed as previously 
described (11). 

In Vitro Kinase Assay, Metabolic Labeling with 32Pj, and 
Two-Dimensional Tryptic Phosphopeptide Analysis. Methods 
for immunoprecipitation. in vitro kinase assay, metabolic 32P; 
labeling, and two-dimensional phosphopeptide analysis have 
been described (11,15). In the metabolic labeling experiments, 
5 /LIM pervanadate and 3 mM H2O2 were added to cells 
simultaneously with 100 ng/ml EGF and incubated for 5 min 
before harvesting. 

5-Bromodeoxyuridine (BrdUrd) Incorporation. A pcDNA3 
vector (Invitrogen) encoding human EGFR with a Y845F 
mutation was constructed by inserting a Dralll-BstEil frag- 
ment containing the Y845F mutation (from plasmid pCOll, 
gift of L. Beguinot, Laboratory of Molecular Oncology, Milan, 
Italy) into the corresponding DralU-BstEU site of pcDNA3 
encoding wt EGFR (gift of S. Decker. Parke-Davis, Ann 
Arbor. MI). K+ cells were transiently transfected with 4 /ng of 
vector, wt EGFR, or Y845F EGFR plasmid DNA by using 30 
fig of Superfect (Qiagen; Chatsworth. CA) according to 
manufacturers directions and incubated in a humidified, 37°C, 
5% C02/95% air atmosphere for 48 hr to allow a confluent 
monolayer to form. Transfected cells were then serum-starved 
for 30 hr prior to addition of 100 /xM BrdUrd and 40 ng/ml 
EGF. 10% fetal bovine serum (FBS) in growth medium, or 10 
/xM LPA, at which time they were incubated for an additional 
18 hr and costained for human EGFR expression and BrdUrd 
incorporation as described by the manufacturer of the BrdUrd- 
specific mAb (Boehringer Mannheim). Specifically, feed cells 
were treated with 2 M HC1 for 1 hr at 37°C and incubated with 
a mixture of primary antibodies (1:100 dilution of EGFR- 
specific Ab-4 and  a   1:15  dilution of ;inti-BrdUrd  mAb). 

followed by incubation with a mixture of secondary antibodies 
(75 /xg/ml fluorescein isothiocyanate-conjugated goat anti- 
rabbit IgG and 4 jug/ml Texas red-conjugated goat anti-mouse 
IgG, both from Jackson ImmunoResearch). 

Transient Transfections. COS-7 cells were transiently trans- 
fected with plasmids encoding SHC and ERK2, by using 
Superfect as described above. HA-SHC (gift of K. Ravichan- 
dran; Univ. of Virginia; HA indicates influenza virus hemag- 
glutinin) or Flag-ERK2 (gift of M. Weber; Univ. of Virginia) 
was transfected at a 1:5 ratio with or without either wt EGFR 
or Y845F mutant EGFR and incubated in a humidified, 37°C, 
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c-Src 

12      3      4      5     6     7     8 

EGFR EGFR/K«       EGFR/K- 

No Trt      + EGF 

EGFR 

EGFR/K 

EGFR/K- 

FIG. 1. Dominant repressive effect of K- c-Src on EGF-induccd 
soft agar colony formation, (a) Western immunoblot analysis of 
C3H10T'/: murine fibroblast clonal cell lines stably overexpressing 
EGFR and either wt (K+) or kinase-deficient (K-) c-Src. (b) Values 
for number of colonies are the mean ± SEM of at least six experiments 
in which 10s cells of each clone were seeded per plate in triplicate. 
Three clones of each ceil type were averaged. *.P < 0.04 and **, P < 
0.002 compared with EGFR. (c) Photomicrographs of representative 
fields of soft agar colonies formed from the indicated cell lines were 
taken after 2 weeks of growth. Trt. treatment. (X200.) 
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Table 1.   K- c-Src completely ablates tumor formation in nude 
mice in IOTV2 clones 

Cell line Tumor volume.* mm3 

EGFRg 
EGFR/K+9 
EGFR/K- 

295 = 124 
1,592 = 598 

ot 

*Mean tumor volume ± SEM of eight individual sites was measured 
at day 52 after subcutaneous injection. 

+EGFR/K- represents the mean tumor volume of two individual 
clones. EGFR/K-41 and EGFR/K-56. 

5% COi/95% air atmosphere for 48 hr to allow a confluent 
monolayer to form. Transfected cells were then serum-starved 
overnight and either stimulated with 100 ng/ml EGF for 10 
min or left untreated. Extracts were immunoprecipitated with 
either 12CA5 anti-HA antibodv (Babco: Richmond, CA) or 
anti-Flag M2 affinity gel (Kodak) and resolved by SDS/PAGE. 

RESULTS AND DISCUSSION 

To determine whether phosphorylation of Y845 or Y1101 was 
dependent on c-Src catalytic activity, clonal C3H10T'/2 fibro- 
blasts that stably overexpress wt EGFR and K- chicken c-Src 
were created from a stable K- c-Src expressing line, as 
described in Materials and Methods. Fig. \a shows the levels of 
receptor and c-Src that are expressed in the various cell lines 
used in this study. EGFR/K- clones (lanes 6-8) expressed 
levels of receptor comparable to those in EGFR/K+ (lane 4) 
and EGFR (lane 2) lines, whereas all clones expressing K- 
c-Src (lanes 5-8) contained amounts of c-Src comparable to 
those of clones expressing K+ c-Src (lanes 3 and 4). Fig. \b 
shows that the EGFR/K- clones exhibited diminished an- 
chorage-independent growth in the presence of EGF com- 
pared with EGFR/K+ double overexpressors, demonstrating 
a requirement for the kinase activity of c-Src for potentiation 
of EGF-induced soft agar growth. Moreover, relative to cells 
overexpressing EGFR alone, the EGFR/K- clones also 
showed reduced soft agar growth, indicating that K- c-Src can 
function in a dominant-negative fashion for EGFR-induced 
colony formation. The dominant-negative effect was mani- 
fested' by both reduced number (Fig. lb) and significantly 
smaller average size (Fig. lc) of the EGFR/K- colonies as 
compared with those of EGFR/K+ or EGFR cells. As pre- 

viously reported, Neo control and K+ c-Src cells produced no 
or significantly fewer colonies than EGFR cells (11). K- c-Src 
cells also gave no colonies (data not shown). Table 1 shows that 
the growth of tumors in vivo was completely ablated in mice 
injected with EGFR/K- cells compared with EGFR or 
EGFR/K+ cells, demonstrating that K- c-Src has an even 
stronger dominant-negative effect on tumor growth in vivo 
than on growth in soft agar. Together these results underline 
the requirement for c-Src kinase activity in both the potenti- 
ating effect of overexpressed wt c-Src and the ability of 
overexpressed EGFR alone to induce oncogenic growth. 

To determine whether K- c-Src might be eliciting its 
biological effects through the receptor, we examined the 
association between the two kinases, using an immune com- 
plex in vitro kinase assay as previously described (11). c-Src was 
immunoprecipitated from the C3H10TV2 clones with a chicken 
c-Src-specific antibody, EC10, to minimize recognition of 
endogenous c-Src and to determine whether the exogenously 
expressed K- c-Src could interact with the EGFR. An EGF- 
sensitive in vitro phosphorylation of an «170-kDa protein was 
observed in the c-Src immunoprecipitates prepared from 
EGFR/K- (Fig. 2a, lanes 20, 23, and 26) as well as from 
EGFR/K-t- cells (lanes 11 and 14). These results demonstrate 
that c-Src kinase activity is not required for association and 
suggest that K- c-Src may be eliciting its dominant negative 
effects (at least in part) directly through the receptor, since the 
association is still intact. 

As described before (11), two tryptic phosphopeptides ap- 
pear in the map of in vitro phosphorylated receptor associated 
with K+ c-Src (Fig. 3B) that are either absent or present in 
reduced amounts in the map of "free'' activated receptor (Fig. 
3A). These peptides contain Y845 and Y1101, whose identi- 
fication is described in ref. 15. In contrast to the receptor 
associated with K+ c-Src, phosphorylation of Y845 was un- 
detectable in receptor associated with K- c-Src (Fig. 3 C and 
D), while the level of Y1101 phosphorylation was visible but 
reduced. Similar results were observed in 32Pi metabolic 
labeling experiments (Fig. 3 E and F). Phosphorylation on 
Y845 was also observed in cells expressing endogenous levels 
of c-Src, but only after treatment with pervanadate (15), 
suggesting that this site is phosphorylated in the absence of 
overexpression of c-Src and that it is rapidly turned over. These 
results indicate that phosphorylation of Y845, and to a lesser 

<l c-Src IP/In vitro kinase 
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FIG. 2. K- c-Src associates with the EGFR. Confluent, serum-starved cells were untreated or treated with EGF (100 ng/ml) for 15 min, and 
extracts were immunoprecipitated with either chicken c-Src-specific mAb EC10 (designated +) or a negative control mouse IgG (-). (a) 
Immunocomplcxes were subjected to an in viirs kinase assay using |-y-,2P]ATP. and phosphorylated products were analyzed by SDS/PAGE and 
autoradiography. The region of the autoradiognr>h around the 170-kDa products is shown, (b) The amount of c-Src in each precipitate was visualized 
by Western immunoblot analysis with ECU) mAb. K- c-Src in EGFR/K- clones was verified to be catalytically inactive in the immune complex 
kinase assay (data not shown). 

KM 
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extent of Y1101, depends on the kinase activity of c-Src, both 
in vitro and in vivo. 

The position corresponding to Y845 is highly conserved 
among serine/threonine and tyrosine kinases and is situated in 
the activation loop between subdomains VII and VIII (18). 
Three-dimensional structural studies of several kinases have 
pointed to the importance of phosphorylation of this residue 
in stabilizing the activation loop in a conformation favorable 
for substrate and ATP binding (19-21). In agreement with the 
structural data, mutational analysis of the corresponding res- 
idue in tyrosine kinase receptors, including pl85neu, a highly 
conserved family member, has shown a requirement for phos- 
phorylation of this residue for full biological function in 
response to ligand (22-27). Y845 homologues in other tyrosine 
kinase receptors have all been shown to be autophosphoryla- 
tion sites. In contrast, Y845 of the EGFR has not been 
identified as such, and its importance to EGFR function has 
not been ascertained. The failure to identify Y845 as a site of 
autophosphorylation may reflect either the highly labile nature 
of the phosphorylation or the c-Src dependency of the phos- 
phorylation (15, 28). 

To determine whether phosphorylation of Y845 is required 
for receptor kinase activity, we compared wt EGFR autoki- 
nase activity with that of a mutant Y845F EGFR. Similar 
amounts of autophosphorylation were observed in an in vitro 
kinase assay of Y845F or wt EGFR immunoprecipitated from 
transiently transfected and EGF-stimulated COS-7 cells (Fig. 
4). Further evidence that the EGFR, unphosphorylated on 

ab 

Proc. Natl. Acad. Sei. USA 96 (1999) 

wtEGFR   Y845F 

20    0    20     0     20    0      20 

»$f; 

EGFR IP/ in vitro kinase 

A. EGFR 27 B. EGFR/K+U 

EGFR IP/ EGFR blot 
FIG. 4. Phosphorylation of Y845 is not essential for EGFR autokinase 

activity. COS-7 cells were transiently transfected with either vector alone 
(-), or plasmids encoding Y845F or wt EGFR and stimulated with EGF 
for 5 min. The EGFR was immunoprecipitated from extracts and 
subjected to an in vitro kinase assay for 0 or 20 min. The reaction was 
stopped with the addition of sample buffer, and the products were 
resolved by SDS/PAGE and transferred to a membrane. After autora- 
diography, EGFR was detected by Western immunoblotting and visual- 
ized by using enhanced chemiluminescence (ECL; Amersham). 

Y845F, retains its ability to autophosphorylate is provided by 
a comparison of the tryptic phosphopeptide maps of wt EGFR 
from EGFR cells (Fig. M) and wt EGFR from EGFR/K- cells 

E. EGFR/K+ninvivo 

Y1101 I Y1101 

Y845 

C. EGFR/K-, 

Y1101 Y1101 

D. EGFR/K 

iföVßi: 

F. EGFR/K-56 in vivo 

FIG. 3. Y845 is not phosphorylated in EGFR eomplexcd with K- c-Src. (A-D) The 170-kDa bands that were phosphorylated in vitro (as in 
Fig. 21 in c-Src (B-D) or receptor (A) immunocomplcxes prepared from the indicated cell lines were excised, digested with trypsin, resolved bv 
two-dimensional electrophorcsis/chromatography. and subjected to autoradiography. The positions of peptides containing Y845 and Y1101, which 
were identified previously (15). are indicated. (£ and F) Receptor immunoprccipitates from the indicated cell lines that had been metabolicallv 
labeled with -,2Pj were analyzed as in A-D. Equal cpm were loaded in A-D and in E vs. F. The apparent increase in tyrosine phosphorylation in 
F is due to a slightly darker exposure compared with £ to emphasize the complete ablation of Y845 phosphorylation. The appearance of darker 
or novel spots in F was not reproduced in repeated experiments. 
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+ EGF + Serum + LPA 

FIG. 5. Phosphorylation of Y845 is essential for EGFR function. 
K+ cells were transfected with plasmid DNA encoding Y845F (Y-F) 
or wt EGFR, cultured for 2 days, serum starved for 30 hr, and left 
untreated or treated with 40 ng/ml EGF, 10^ fetal bovine serum, or 
10 jLiM LPA for 18 hr. Results are expressed as the mean percent ± 
SEM of cells expressing EGFR that were positive for BrdUrd incor- 
poration. Thirty-five to 100 cells were analyzed for each variable in 
three independent experiments. 

(Fig. 3 C and D), where in the latter instance, autophosphoryla- 
tion is maintained in the absence of detectable Y845 phosphor- 
ylation. These data suggest that, unlike other receptor tyrosine 
kinases mutated at the Y845 homologue. the Y845 mutant EGFR 
maintains its ability to autophosphorylate. 

-EGF 

To test whether phosphorylation on Y845 is important for 
the mitogenic function of the EGFR independent of its 
autokinase activity, we transiently transfected a Y845F mutant 
or wt receptor into K+ cells and assessed mitogenesis by 
measuring EGF-induced BrdUrd incorporation into newly 
synthesized DNA. In contrast to the wt receptor, the Y845F 
mutant was unable to stimulate DNA synthesis upon EGF 
treatment (Fig. 5). Indeed, the reduced level of BrdUrd 
incorporation, which approached that of serum-starved cells, 
indicated that Y845F EGFR is capable of interfering with 
signaling through endogenous receptors, thereby acting in a 
dominant-negative fashion. These data support the hypothesis 
that phosphorylation of Y845 is required for the EGF-induced 
mitogenic function of the receptor. 

Surprisingly, the Y845F variant of the EGFR also inhibited 
serum-induced DNA synthesis in a dominant-negative manner 
(Fig. 5). The mechanism of this inhibition is unclear at the 
present time. However, the EGFR has recently been shown to 
play an essential role in signaling and growth stimulation 
through G protein-coupled receptors (GPCR) (29), and the 
Src family of tyrosine kinases has also been directly implicated 
in GPCR-mediated mitogen-activated protein kinase (MAPK) 
activation (30, 31). c-Src is thought to be responsible for 
phosphorylating the EGFR in response to GPCR activation 
(32), leading to the generation of docking sites. The major 
mitogenic component of serum is LPA, a ligand for GPCR 
(33). Therefore, one possible mechanism by which the Y845F 
EGFR could prevent serum-induced BrdUrd incorporation 
might be the inability to phosphorylate Y845 via a GPCR 
route. Indeed, Y845F mutant EGFR was able to reduce (but 
not ablate) induction of DNA synthesis by LPA, demonstrating 
an involvement of EGFR signaling in the GPCR pathwav 
(Fig. 5). 

Because the EGFR is known to signal to MAPK via a 
SHC-Grb2-SOS-Ras pathway upon both EGF and G protein 
stimulation, we also tested the ability of the mutant EGFR to 

+EGF 

EGFR: 
a.        HA-SHC: 

Wt YF Wt YF 
-    +     +    + +     +    + 

«SHC 
HAIP/P-Tyrblot 

b.   Flag-ERK2: 

HAIP/SHCblot 

+    +   + -    +    +   + 

*SHC 

<«ERK2 

Flag IP / Phospho-MAPK blot 

* ERK2 

Flag IP/MAPK blot 
FIG. 6. Y845F mutant receptor retains its .ibility to phosphorylate SHC and activate MAPK. COS-7 cells were transfected with plasmid DNA 

encoding HA-SHC or FIag-ERK2 and either YS45F or wt EGFR. cultured for 2 days, serum starved overnight, and left untreated or treated with 
100 ng/ml EGF for 10 min. Extracts were immunoprccipitatcd with 12CA5 anti-HA antibody or anti-Flag M2 affinity gel and resolved by 
SDS/PAGE. The amount of tyrosine phosphon iatcd HA-SHC (a) and Flag-ERK2 (b) was observed by Western immunoblo't analysis. The amount 
of wt EGFR or Y845F EGFR expressed in ilv populations of cells was the same as that shown for Fie. 4. 
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»phosphorylate the direct substrate SHC and to activate ERK2. 
The presence of the Y845F mutation in the EGFR did not alter 
the EGF-induced increase in tyrosine phosphorylation of 
cotransfected SHC or ERK2, compared with wt EGFR (Fig. 
6). Minor differences in the relative phosphorylations of either 
SHC or ERK2 between mutant and wt EGFR were not 
significant when multiple experiments were quantitated (data 
not shown). These results suggest that the EGFR stimulates 
mitogenesis through an ERK2-independent pathway. 

The data presented here provide a mechanism for c-Src's 
role in EGF- and GPCR-mediated DNA synthesis and tumor- 
igenesis. We propose that phosphorylation of Y845 on the 
EGFR by a c-Src-mediated event is required for EGF- and 
LPA-induced DNA synthesis. On the basis of the findings that 
Y845 is not phosphorylated by the wt receptor alone (Fig. 3) 
and that the kinase activity of c-Src is required for phosphor- 
ylation of Y845, we conclude that c-Src is the most likely kinase 
to phosphorylate the receptor. Interruption of this phosphor- 
ylation by overexpressing ä kinase-deficient c-Src or a Y845F 
mutant of the EGFR blocks signaling and thus growth. Fur- 
thermore, the block of DNA synthesis by Y845F mutant EGFR 
is not dependent on its ability to autophosphorylate or to signal 
to MAPK, suggesting a mechanism of activation in which the 
activation loop tyrosine does not need to be phosphorylated 
for kinase activity, but is required for stimulation of a mito- 
genic pathway not involving ERK2. 

These findings have direct implications for the etiology of 
human cancers. In tumor cells that overexpress both c-Src and 
the EGF receptor, we postulate that the probability of Y845 
phosphorylation increases, an event that results in promotion 
of growth and anchorage independence. Since phosphoryla- 
tion of Y845 has been shown to occur in cultured human tumor 
cells that overexpress c-Src (15), the above paradigm may have 
relevance for the disease in situ. Development of methods to 
inhibit the ability of c-Src to phosphorylate Y845 may result in 
a nov^l, more "tumor-specific" treatment for cancers such as 
carcinomas of the colon, breast, and lung. 
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ABSTRACT 

Evidence from a murine fibroblast model and human breast cancer cells indicates that c-Src and 

the human EGF receptor (HER1) synergize to enhance neoplastic transformation and progression 

of mammary epithelial cells.   To investigate whether interactions between c-Src and other HER 

family members may also play a role in breast tumor progression, we characterized a panel of thirteen 

human breast carcinoma cell lines and thirteen tumor samples for expression levels of HER family 

members and c-Src and examined a subset of the cell lines for their dependency on Src family 

members for heregulin (HRG)-augmented, anchorage-dependent growth in reduced serum or 

colony formation in soft agar.   By Western immunoblotting, we found that (1) all cell lines 

overexpressed one or more HER family member, (2) -60% co-overexpressed HER2/neu and 

HER3,  (3) HER1   was  rarely co-overexpressed  with HER2/HER3,  and  (4)  HER4  was 

overexpressed in only 30% of the cases. c-Src was overexpressed in 70% of the samples. 90% of 

the tumor tissues overexpressed HER2, while 64% overexpressed c-Src.   Growth in low serum 

was potentiated by HRG in five of six cell lines tested (irrespective of HER2/3 or c-Src levels), 

and colony formation in soft agar was enhanced in three of the six.   This latter response was 

observed only in those cell lines that exhibited a c-Src/HER2 heterocomplex, suggesting that 

physical association between c-Src and HER2 may facilitate HRG-potentiated, anchorage- 

independent growth. HRG effects on both colony formation and growth in reduced serum were 

either partially or completely ablated by PP1, a Src family kinase inhibitor.  In addition, long-term 

treatment of adherent cells with PP1 induced apoptosis in all cell lines tested, a process that was 

significantly reversed by HRG treatment.  These data provide the first functional evidence for co- 

operativity between HRG and Src family kinases in the survival and growth of human breast 



tumor cells and reveal that the co-operativity is independent of the levels of either HER family 

members or c-Src. 

INTRODUCTION 

The HER family of transmembrane tyrosine kinases consists of four members, the human 

EGF receptor (EGFR or HER1), HER2/neu, HER3 and HER4.  These receptors are involved in 

regulation of a number of different cellular processes, including mitogenesis, tumorigenesis, and 

differentiation (1, 2). HER1 has been shown to bind and become activated by different members 

of the EGF family of ligands, including EGF, TGF-a, epiregulin and betacellulin (3-8).   HER4 

binds betacellulin (5) and epiregulin (7), and like HER3, functions as a receptor for neuregulin 1 

(also known as heregulin [HRG] and neu differentiation factor) and neuregulin 2 (9-11). 

However, no ligand has been identified for HER2. Rather, it has been demonstrated that HER2 is 

activated through heterodimerization with ligand-activated HER1, HER3 or HER4, with HER2/3 

being the preferred and most tumorigenic heterodimer (12-15).   Dimerization is followed by 

transphosphorylation between paired receptor monomers and stimulation or recruitment to the 

receptor complex of signaling molecules, including PI-3 kinase (phosphatidylinositol-3 kinase), 

She, GRB2, and GRB7 (16-19).   In the HER2/3 heterodimer, HER3 (which exhibits reduced 

intrinsic catalytic activity [20]) appears to provide ligand binding activity and the ability to 

associate  with  PI-3   kinase,   while  HER2   contributes  kinase  activity  and   the   ability  to 

phosphorylate downstream substrates as well as the ability to associate with PI-3 kinase (9, 21, 

22). 

HER2 has potent oncogenic activity in cultured fibroblasts when overexpressed as a wild 

type protein, or when activated by a single point mutation in the transmembrane domain or by 



deletion of the first 621 amino acids from the N-terminus (human [23]; rat [24]). Increased 

expression of HER2 is observed in a number of human cancers, including breast (25), ovarian 

(26), gastric (27), lung (28) and prostate (29). In breast cancers, overexpression and/or 

amplification of HER2, which occurs in ~ 30 percent of the cases, has been correlated with poor 

prognosis (25, 30). Overexpression of HER2 can function as a causal factor for breast cancer 

development, as has been demonstrated by targeted overexpression of HER2/neu and 

development of mammary tumors in mice (31). 

Recently, several laboratories have reported the detection of elevated levels of c-Src 

protein/activity or physical complexes between members of the HER receptor tyrosine kinase 

family and c-Src in human and mouse mammary tumors (32-39).   These findings suggest that a 

functional interaction occurs between these two families of tyrosine kinases in tumor formation 

and progression, but only in the case of HER1 and c-Src has such biological synergism been 

demonstrated.   In a murine fibroblast model, overexpression of c-Src was found to potentiate 

tumorigenesis induced by overexpression of HER1.   This potentiation correlated with the EGF- 

inducible formation of a stable complex between c-Src and HER1, the appearance of two novel 

tyrosine phosphorylation sites on the receptor, and enhanced phosphorylation of receptor 

substrates, suggesting that when both c-Src and HER1 are overexpressed (as in human breast 

cancer cells), c-Src functionally synergizes with the receptor by phosphorylating and activating it 

(36, 40, 41).   The relevance of this model for human neoplasias is supported by an analysis of 

panels of human breast cancer cell lines and tumor tissues, in which overexpression of both c-Src 

and HER1 was found to correlate with the ability to detect a stable heterocomplex between c-Src 

and HER1, the appearance of the same two novel phosphorylations on the receptor, elevated 

tyrosine phosphorylation of downstream targets of HER1, and enhanced tumor formation in nude 



mice (40). Together, these results indicate that structural and functional interactions between c- 

Src and HER1 play critical roles in breast cancer tumor progression. 

To determine whether c-Src is capable of functionally interacting with other HER family 

members as it does with HER1, a panel of human breast tumor cell lines and tumor tissues was 

first examined for levels of HER family members and c-Src and for evidence of physical 

interactions between HER2 and c-Src. Using a subset of these lines (selected for various patterns 

of HER family member and c-Src overexpression and HER2/c-Src association), HRG was used as 

a ligand to activate HER2 through HER3 or HER4.   We observed that HRG increased colony 

formation in soft agar two to three fold above that in serum alone and that this enhanced 

anchorage-independent growth correlated with the ability to detect stable c-Src/HER2 complexes. 

Anchorage-dependent growth in low serum was also enhanced by HRG, but to varying extents 

among the six cell lines tested.   No correlation was observed between levels of c-Src or HER 

2/3/4 and the ability of HRG to enhance growth.   However, in all cell lines, HRG-enhanced 

growth in reduced serum and soft agar colony formation were partially or completely inhibited by 

PP1, a Src family kinase inhibitor (42).   Interestingly, extended PP1 treatment was found to 

induce apoptosis, and HRG rescued this effect.  Taken together, these data provide evidence for 

co-operation between c-Src and HER2 in mediating HRG-induced growth and survival of human 

breast tumor cells. 

MATERIALS AND METHODS 

Cell lines. Tumor cell lines MDA-MB-468, MDA-MB-231, MCF7 and ZR75-1 were provided 

by N. Rosen (Sloan-Kettering, New York), while MDA-MB-175, UACC-893, UACC-812, SK- 

BR-3, MDA-MB-361, MDA-MB-453, BT-474, BT-549, BT-20 and HS578Bst were obtained 



from American Type Culture Collection (Rockville, MD). Tumor cells were maintained in 

Dulbecco's modified Eagle medium (DMEM) (Life Technologies, Bethesda, MD) in 10% fetal 

calf serum (Atlanta Biologicals, Atlanta, GA). Where indicated, cells were stimulated with 

recombinant human HRG-ct, EGF-like domain (HRG-cc) (200ng/ml) (Sigma Chemical, St. Louis, 

MO) or HRG-ßl (extracellular domain) (NeoMarkers, CA). HRG-ct and HRG-ßl gave nearly 

identical results and were used interchangeably. 

Growth assays. Tumor cell lines were plated in triplicate in DMEM plus 0.5% fetal calf serum at 

a density of either 2xl04 cells/well (MDA-MB-468, MCF7) or 5xl04 cells/well (UACC-812, SK- 

BR-3, MDA-MB-361, MDA-MB-453) in 24-well tissue culture clusters (Corning, NY) and 

allowed to adhere overnight at 37°C in a humidified, 5% C02 atmosphere before treatment 

protocols were initiated. Cells were then incubated for five days with one of the indicated 

preparations in DMEM. Media with additives was replenished on the third day. Cell number was 

determined by the MTT (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide) 

assay as per Kaspers, et al. (43). The Src family kinase inhibitor, PP1 (42), was obtained from 

CalBiochem, San Diego, CA. 

Soft agar assays were performed as described by Maa, et al. (36). Cells were plated at a 

density of lxl04 cells in 60 mm dishes in triplicate, in the presence or absence of HRG-a 

(40ng/ml), and in the presence or absence of PP1 (10 uM). In the absence of PP1, DMSO was 

used as a vehicle control. Plates were incubated for two weeks, with replenishment of 

appropriate media every 4 days, and stained overnight at 37°C, 5% C02 in a solution of 1 ug/ml 

iodonitrotetrazolium salt (Sigma Chemical, St. Louis, MO) in water. Colonies were counted 

using EagleSight analysis software (Stratagene, La Jolla, CA). 



Antibodies.   C-Src-specific antibodies used in this study include mouse monoclonal antibodies 

(mAb) 2-17, directed against amino acids 2-17 (Quality Biotech, Camden, NJ); mAbs GD11 and 

EB8, both directed against residues 92-128 in the SH3 domain (44, 45); and mAb 327, which 

recognizes the SH3 domain (gift from J. Brugge).   HER2-specific antibody (rabbit polyclonal), 

directed toward residues 1169-1186, and HER3-specific antibody, directed toward residues 1307- 

1323, were obtained from Santa Cruz Biotechnologies, Santa Cruz, CA, USA.    Antibodies 

specific for HER1, mAbs 3 A and 4A, were provided by D. McCarley and R. Schatzman of Syntex 

Research, Palo Alto, CA.  The epitopes of these antibodies map to amino acid residues 889-944 

and 1052 and 1134, respectively (36).   Anti-human c-erbB-4 antibodies were obtained from 

Upstate Biotechnology, Inc.  (UBI), Lake Placid, NY (catalog #06-572) and Santa Cruz 

Biotechnologies (catalog #SC-283).  Negative control antibodies included purified normal rabbit 

or mouse immunoglobulin (Jackson Immunoresearch Laboratories, West Grove, PA USA). 

Immunoprecipitation and Western immunoblotting.   Cells were lysed in RIPA detergent 

buffer (lOmM Tris-HCl pH 7.2, 1% Triton-X, 0.5% sodium deoxycholate, 150mM NaCl, ImM 

EDTA, ImM sodium orthovanadate, 50 ug/ml leupeptin and 0.5% aprotinin).   Tumor samples 

were minced with a scalpel and ground in a Dounce homogenizer in RIPA buffer. All procedures 

were performed at 4-10°C. Lysates were cleared by centrifugation for 15 min at 15,000 x g in a 

microcentrifuge, and protein concentration was determined by BioRad protein reagent.    For 

immunoprecipitation,  5  u,g antibody was incubated with 500  ug cell  lysate protein with 

continuous rocking at 4°C for 2 hr and then for an additional hour at 4°C with protein A- 

sepharose beads (Sigma Chemical). Beads were pelleted and washed three times with cold RIPA 

buffer. Pellets were resuspended in 2X sample buffer (125mM Tris-HCl, 4% SDS, 10% glycerol, 

0.02% bromophenol blue, 4% ß-mercaptoethanol) and boiled for 5 min.   Eluted proteins were 



separated by electrophoresis through a 7% SDS-polyacrylamide gel and immunoblotted according 

to previously published protocols (36, 37). For direct Western blots, 100 ug whole-cell lysate 

was assayed per lane. Binding of primary antibodies was visualized by 125I-protein A, used at 1 |i 

Ci/ml (New England Nuclear, USA), or by enhanced chemiluminescence (ECL) (Amersham, 

Buckinghamshire, England). 

For Western blots of HER4, proteins were transferred from gels to Immobilon membranes 

using the semi-dry apparatus. Membranes were blocked in phosphate-buffered saline (PBS) 

containing 4% non-fat dry milk and incubated overnight at 4°C with a mixture of the two primary 

anti-HER4 antibodies at a final concentration of 2 u,g/ml. Membranes were washed five times in 

deionized water and incubated with 125I-goat anti-rabbit IgG in 4% non-fat dry milk in PBS for 90 

min at room temperature. Five washes in water, a single wash in PBS, and five additional washes 

in water followed. The blot was exposed to film overnight at -70°C. 

Apoptosis Assays. Apoptosis was quantified by determining the percentage of cells that 

exhibited deformed nuclei and/or condensed chromatin following DAPI (di-[amidinophenyl]- 

indole) staining of treated cells, as described by Villaneuva et al. (46). Briefly, cells were plated 

onto glass coverslips in 6-well dishes (Corning, NY), and incubated for three days with DMEM 

containing the indicated additives. UV-B treatment (2 min, followed by 48 hr recovery in serum- 

free media) was used as a positive control for apoptosis. After treatment, cells were serum- 

starved overnight, fixed in 4% paraformaldehyde, quenched in 0.25mg/ml H3B04 and 20mg/ml 

glycine, and permeabilized in 0.5% Triton-X on ice. DAPI (1.0 ug/ml) (Sigma Chemical, St. 

Louis, MO) was added for specific DNA staining, and nuclear/chromatin morphology was imaged 

by photomicroscopy using phase contrast and immunofluorescence optics (Leica, Rijswijk, 

Netherlands). 



RESULTS 

Overexpression of c-Src and HER family members in human breast carcinoma cell lines. A 

panel of thirteen human breast carcinoma cell lines was analyzed by Western blotting for 

expression levels of c-Src and HER family members (a representative series of blots is shown in 

Fig. 1).  Results of the scanning densitometry analysis of the immunoblots is shown in Table I. 

Nine of the cell lines (-70%) expressed c-Src greater than two-fold above the immortalized, non- 

tumorigenic human breast epithelial cell line, HS578Bst. All of the tumor cell lines overexpressed 

one or more of the four HER family members, in various combinations.   Within any given cell 

line, however, overexpression of HER1 and HER2 appeared to be mutually exclusive.   This 

finding agrees with published literature, which indicates that HER2 is typically expressed in earlier 

stage breast carcinomas (47-49), while HER1 is expressed in later, more aggressive tumors (50, 

51). In addition, HER2 and HER3 were found to be co-overexpressed in the majority of cell lines 

(-60%), thereby enhancing the probability of formation of the preferred, more tumorigenic 

HER2/3 heterodimer. Under our immunoblotting conditions, only two cell lines, ZR75B and BT- 

474, were observed to have significantly elevated levels of HER4, with low levels being detected 

in SK-BR3 and MCF7.  In summary, 100% of the breast tumor cell lines overexpressed one or 

more HER family member, while 70% overexpressed c-Src. 

Physical association of c-Src with HER2 in human breast carcinoma cell lines. To determine 

whether there were potential structural and functional interactions between c-Src and HER2, such 

as exists between c-Src and HER1, we analyzed the panel of human breast carcinoma cell lines for 

evidence of in vivo association between c-Src and HER2. Figure 2, Panel A depicts results from 

an analysis of four of the thirteen cell lines tested (MDA-MB-361, MDA-MB-453, MCF7, MDA- 



MB-468), and the outcome of the entire analysis is summarized in Table I. In only three cell lines 

of the entire panel could we detect a stable in vivo association between c-Src and HER2 (MDA- 

MB-361, MDA-MB-453, UACC-812), although nine overexpressed HER2 and five of the nine 

overexpressed c-Src. The presence of HER2 in c-Src immunoprecipitates was reproducibly seen, 

but detection of c-Src in HER-2 immunoprecipitates was variable. The reason for this is unclear, 

but could relate to the relatively low stoichiometry of the interaction.    Association was 

constitutive in serum-deprived cells and was not altered by HRG stimulation (200ng/ml for 5 min) 

(Figure 2, Panel A). Only one of the three cell lines that showed association overexpressed c-Src 

(MDA-MB-361), indicating that association was not dependent on overexpression of c-Src. 

However, HER2 and HER3 were overexpressed in all three cell lines. 

The low level of c-Src in the MDA-MB-453 and UACC-812 cell lines complicated our 

efforts to convincingly demonstrate that c-Src was indeed in the HER2/c-Src complex. However, 

despite the fact that c-Src could not be detected by Western blotting in whole-cell lysates (Fig. 1 

and Table I) or in some c-Src-immunoprecipitations using 2-17 c-Src-specific mAb and 500 ug 

lysate (Fig. 2A with the MDA-MB-453 cell line), Figure 2, Panel B shows that c-Src could be 

detected in the MDA-MB-453 cell line when a mixture of Src antibodies to the N-terminus (2-17 

mAb) and the SH3 domain (GDI 1) and 2500 ug lysate were used. Similar results were seen with 

the UACC-812 cell line. Thus, c-Src was detectable in the complexes precipitated from the MDA- 

MB-453 and UACC-812 cell lines, but in low amounts.   A panel of c-Src-specific antibodies 

(directed to different regions of the c-Src molecule) and negative control antibodies was also used 

to determine specificity of the interaction.  Figure 2, Panel C shows that co-immunoprecipitation 

of HER2 with c-Src was specific, as evidenced by the presence of HER2 in complexes with c-Src 
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and by the absence or significantly reduced levels of a similarly migrating protein in the negative 

antibody control precipitates. 

Association of c-Src with HER2 in human breast tumor samples.   Because HER family 

members and c-Src have been implicated in the formation of human breast tumors, we wished to 

determine whether c-Src/HER2 complexes existed in human breast carcinoma tissue or in normal 

breast tissue (as they did in established tumor cell lines), and if so, how frequently.  A panel of 

thirteen tumor tissues, obtained from the University of Virginia and University of Michigan tumor 

banks, was analyzed by immunoprecipitation and Western blotting with antibodies to HER2 and 

c-Src, in a fashion similar to that used for the breast tumor cell lines. Figure 3 shows examples of 

this analysis.    Tumors UVA156 and UVA263 exhibited c-Src/HER2 association, whereas 

MichNl did not.    In UVA263, reciprocal co-precipitation between c-Src and HER2 was 

observed.   In addition, HER2/1 (UVA156 and UVA263) and HER2/3 (UVA156) complexes 

could be seen, indicating constitutive heterodimerization between HER family members in these 

tumors. Consistent with the data from the cell lines, this association was constitutive, suggesting 

the presence of an autocrine loop. Normal breast tissue contained detectable levels of c-Src but 

undetectable levels of HER2 and no association between HER2 and c-Src, HER1, or HER3.  A 

protein of similar size as HER2 was sometimes seen to co-precipitate with the negative control 

antibody.   The levels of this protein in control immunoprecipitates varied from experiment to 

experiment but were consistently less than that seen in the c-Src immunoprecipitates, and the 

protein   exhibited   slightly   slower  migration   characteristics   than   did   HER2   during   gel 

electrophoresis. 

Table II summarizes the results of such an analysis for all thirteen tumor samples and 

describes tumor type and grade, estrogen receptor (ER) status, lymph node involvement, relative 
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levels of c-Src and HER2 protein, and the presence or absence of a stable complex between c-Src 

and HER2 for each tumor. In all, stable association between c-Src and HER2 was seen in three 

out of thirteen samples, the same frequency as seen for the breast tumor cell lines. In contrast to 

the cell lines, however, c-Src/HER2 complexes were seen only in tissues that overexpressed both 

HER2 and c-Src. Complex formation between c-Src and HER2 has been demonstrated in 

mammary tumors in transgenic mice (33), but this is the first demonstration of an in vivo 

association in human breast carcinoma samples. 

HRG-enhanced soft agar colony formation is ablated by the Src family inhibitor, PP1. In 

human breast tumor cell lines, HRG treatment has been demonstrated to increase tyrosine 

phosphorylation of many cellular proteins that are involved in mitogenic signaling pathways (52; 

Belsches-Jablonski, unpublished observations). It was therefore of interest to determine if HRG 

treatment affected the mitogenic or tumorigenic properties of these cell lines. To investigate this 

question, we chose a subset of the cell lines described in Table I, based on their varying 

expression of HER family members and c-Src. Three cell lines (MDA-MB-361, MDA-MB-453, 

and UACC-812) were selected because they co-overexpressed moderate to high levels of HER2 

and HER3 and exhibited HER2/c-Src association. Of these, only MDA-MB-361 overexpressed 

c-Src. MCF-7, MDA-MB-468 and SK-BR3 cells were selected on the basis of their relatively 

low levels of HER2/HER3, moderate to high levels of c-Src, and lack of detectable HER2/c-Src 

complexes. 

Figure 4 shows that only the cell lines that co-overexpressed HER2 and HER3 and 

contained c-Src/HER2 complexes (MDA-MB-361, MDA-MB-453, UACC-812) responded to 

HRG in a soft agar colony formation assay. HRG treatment potentiated anchorage-independent 

growth of these cell lines two to three-fold over that in 10% serum (Fig. 4, inset), while having no 
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significant effect on serum-induced colony formation of MCF7, MDA-MB-468, or SK-BR3 cell 

lines. Two of the latter three cell lines (MCF7 and MDA-MB-468) exhibited a robust colony 

forming activity that could not be augmented further by HRG, most likely since they are 

maximally activated by autocrine factors involving other signaling pathways (e.g., HERl/TGFa in 

the case of MDA-MB468 cells).  SK-BR3 cells, in contrast, displayed poor growth in soft agar 

that was unaffected by HRG, suggesting that the signaling components to mediate HRG effects 

are either not present or are uncoupled in this cell line. As a whole, these data are consistent with 

the hypothesis that HRG-induced heterodimerization of HER2 and HER3 and the pre-existence of 

a c-Src/HER2 complex functioned together to promote a ligand-dependent enhancement of 

anchorage-independent growth, an indicator of tumorigenicity. 

To test this hypothesis further, sister cultures of those depicted in the inset of Fig. 4 were 

treated with the Src family tyrosine kinase inhibitor, PP1, in the presence or absence of HRG and 

in the continual presence of 10% serum. Figure 4 shows that PP1 partially or completely inhibited 

HRG-enhanced soft agar growth in MDA-MB-361, MDA-MB-453, and UACC-812 cells, as well 

as variably reducing growth in serum plus HRG in MCF7, MDA-MB-468, and SK-BR3 cells. 

Furthermore, PP1 had a striking inhibitory effect on the ability of all cell lines to form colonies in 

serum alone, suggesting that PP1 is capable of affecting other growth pathways in addition to 

those that are HRG-induced.   The results of this experiment could also be interpreted to mean 

that HRG "rescues" PP1-induced inhibition, again to variable extents in the various cell lines. 

HRG-potentiated anchorage-dependent growth  is partially dependent  on  Src family 

kinases.   Because HRG treatment led to an increase in anchorage-independent growth of the 

three cell lines that co-overexpressed HER2 and HER3 and contained constitutive c-Src/HER2 

complexes, we wished to determine whether HRG also affected anchorage-dependent growth of 
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these and other cell lines. An MTT assay was used to follow cell number as a function of 

incubation time in the various treatment conditions. No effect of HRG on the cell number of any 

of the cell lines was observed in 10% serum, even when assessed up to two weeks after plating 

(data not shown). However, Figure 5 shows that HRG treatment resulted in small, but significant 

increases in numbers of MDA-MB-361, UACC-812, and MCF7 cells, when they were maintained 

in reduced serum (0.5%) over a five day period (Panels A, B, C; compare "day 5" to "day 5+H")- 

Interestingly, the effect of HRG on cell number in this anchorage-dependent assay did not 

correlate with the presence of a c-Src/HER2 complex nor with levels of the various HER family 

members. 

PP1 treatment prevented growth or reduced the cell number of all cell lines maintained in 

low serum alone (Fig. 5; compare "day 5 + P" to "day 5" in each panel), but the effect of PP1 on 

cells treated with HRG varied from cell line to cell line. HRG-treated MDA-MB-361 and MCF7 

lines were only slightly reduced in cell number by PP1 treatment (Fig. 5, Panels A and C; compare 

"day 5 + H + P" to "day 5 + ff'), whereas UACC-812 was reduced to levels equal to or below 

that of cells maintained in 0.5% serum alone (Panel B).  These results suggest that c-Src and/or 

related family members cooperate with HRG to promote anchorage-dependent growth and/or 

survival of the breast cancer cell lines tested, but the extent of this cooperation varies from cell 

line to cell line. Results similar to those for MCF7 cells were found for MDA-MB-468 and SK- 

BR3 cells. MDA-MB-453 cells did not respond to HRG in this assay (data not shown). 

PP1 has previously been shown to inhibit Src family members, Fyn and Lck (42). To 

determine whether PP1 also inhibited c-Src kinase activity, immune complexes of c-Src that had 

been prepared from MDA-MB-361 were preincubated for 15 min with varying concentrations of 
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PP1 (ranging from 0.1 uM to 10 uM) before the auto- and trans-phosphorylating activities were 

assessed in an in vitro immune complex kinase assay, using heat-denatured enolase as an 

exogenous substrate and/or [y-32P]-ATP. Both the auto- and trans-phosphorylating activities of 

c-Src were reduced by PP1 in a dose- and time-dependent manner (data not shown). The IC50 

was 0.3 - 1.0 uM PP1 in a 10 min incubation. These results verified that PP1 is an efficient 

inhibitor of c-Src kinase activity. 

To further assess the role of c-Src and its family members on the growth and viability of 

breast cancer cells, we attempted to generate stable transfectants of MDA-MB-361 cells that 

expressed a dominant negative, kinase-deficient form of chicken c-Src (V430A) (53) that had 

been subcloned into the pcDNA3 mammalian expression vector (Invitrogen; 54).   Transfected 

cells were selected for neomycin resistance, and early, antibiotic-resistant populations of cells 

were shown to express high levels of the variant form of c-Src by Western blotting with the 

chicken c-Src-specific mAb, EC 10. However, no long-term stable clones could be obtained from 

this population, even after repeated efforts (data not shown).   These data suggest a striking 

dependence on c-Src kinase activity for long-term survival and growth of these cells, even in full 

serum conditions. Not all human breast cancer cell lines behaved as did MDA-MB-361 cells, in 

that stable clones expressing kinase-defective c-Src could be obtained from them.   Examples of 

such cell lines include MDA-MB-468 and MDA-MB-231.    Similar to MDA-MB-361 cells, 

however, their tumorigenic properties were impaired (54). 

Heregulin reverses the apoptotic effect of PP1 in reduced serum. Because the effect of HRG 

on anchorage-dependent growth in reduced serum was so modest and PP1 had such a deleterious 

effect on the growth and viability of the majority of cell lines tested (which was partially or 

completely reversed by HRG), we examined several of the cell lines (MDA-MB-361, UACC-812, 
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and MCF7) for possible evidence of an apoptotic effect of PP1 and an anti-apoptotic effect of 

HRG.   Cells were cultured for three days in the presence or absence of HRG and/or PP1 and 

analyzed for evidence of apoptosis, using DAPI-staining of DNA to detect abnormally shaped 

nuclei and/or condensed chromatin (46). Figure 6, Panel A shows that PP1 treatment of MDA- 

MB-361 cells induced apoptosis in 10-15% of the cells (vs. -2% in 0.5% serum alone) and that 

PP1-induced apoptosis was almost completely reversed by HRG.   UV-induced apoptosis was 

used as a positive control (>85%).   Similar results were obtained when UACC-812 and MCF7 

cells were examined, except that the extents of reversal differed slightly (Fig. 6, Panels B and C). 

In all cell lines, the anti-apoptotic effects of HRG were found to be insensitive to Wortmannin, 

suggesting a PI-3 kinase-independent mechanism of action by HRG. Results of the DAPI analysis 

were verified with the TUNEL assay for apoptosis (data not shown). 

DISCUSSION 

Both HER family members and c-Src are overexpressed at high frequency in human breast 

cancers (25, 30, 32, 37, 50, this report) and have been implicated in the genesis and progression 

of the disease. Amplification/overexpression of HER2, especially, has been associated with a 

poor patient prognosis (25, 30). Synergistic interactions between c-Src and HER1 in tumor 

formation have recently been reported (36, 37), and c-Src has been shown to be required for 

EGF-induced mitogenesis (53, 55), suggesting that similar interactions may exist between c-Src 

and other HER family members. Here we describe the results of experiments designed to 

investigate this issue in the context of human breast tumor cell lines and tumor tissue. In these 

studies, tumor cell lines were treated with ligands that activate HER3/4 and induce homo- and 

hetero-dimerization with HER2 as well as with an inhibitor of Src family kinases, PP1, to 
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determine if c-Src or related kinases contribute to HRG-initated events.   We found that HRG- 

enhanced colony formation in soft agar and adherence-dependent proliferation are inhibited by 

PP1, suggesting that Src family members participate in HRG-mediated growth processes in 

human tumor cells.   However, we also found that the extent of the effects of PP1 (and thus 

presumably the effects of Src family kinases) are cell-line dependent, i.e., partial inhibition in some 

cell lines and complete inhibition in others (Figs. 4 and 5). Heregulin was also shown to reverse 

the growth inhibitory or apoptotic effects of PP1 (Figs. 4-6). Together, these results indicate that 

Src family kinases participate in HRG-regulated cellular processes and vice-versa, but the extent 

to which this occurs is likely to be determined by the unique signaling circuitry of each tumor cell 

line. These results are also suggestive of Src-independent as well as Src-dependent mechanisms 

for HRG action. 

One mechanism by which HRG may be dependent on Src family members is through 

physical association of HER2 with c-Src. In such a scenario, c-Src might be thought to function 

by facilitating formation of heterocomplexes between HER2 and other HER family members or by 

phosphorylating HER2 or one of its receptor partners, as has been shown for HER1 (36, 40). 

These possibilities warrant further testing in a non-tumorigenic cell system, where the constituents 

of the complex can be regulated by overexpression and tumor-specific modifications to the 

receptor are eliminated. 

In 23% of cell lines and tumor tissues tested (3/13 in each case), a stable and specific 

association between c-Src and HER2 was observed. In each of the cell lines exhibiting this 

association, HER3 is present and HER4 is undetectable (Fig. 1, Table I). These data argue that 

the functional complex mediating growth potentiation effects in soft agar assays is comprised of c- 

Src, HER2, and HER3 (12-15). The ability to detect c-Src/HER2 complexes correlated with the 
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ability of HRG to promote colony formation in soft agar, suggesting that the complex may 

participate in anchorage-independent growth. Involvement of c-Src in such a process is 

consistent with its documented roles in regulating focal adhesion formation (cell-substratum 

interactions) and inter-cellular interactions via cadherins (reviewed in 56, 57). Indeed, we have 

observed complete inhibition of pl90RhoGAP, pl30CAS, and cortactin tyrosine phosphorylation 

in five different human breast tumor cell lines treated with PP1 (D. Tice and S. Parsons, 

unpublished observations). These proteins are all demonstrated substrates of c-Src and involved 

in signaling pathways that regulate the actin cytoskeleton (reviewed in 58). 

However, the ability to detect c-Src/HER2 complexes in the various breast tumor cell lines 

did not correlate with the anchorage-dependent growth-promoting or the anti-apoptotic effects of 

HRG (Table I, Figs. 5 and 6). Furthermore, in some cell lines and tissues where the complex was 

found, the stoichiometry of the interaction was low, raising questions about its physiological 

significance.    These considerations suggest that Src family members may communicate with 

HER2 via other mechanisms.     Alternative mechanisms include the following:     The first 

presupposes that in some cell types HER2 and c-Src do not physically interact but are members of 

the same pathway and that HRG treatment indirectly induces changes in c-Src or its related family 

members which results in transmission of the growth or survival signal to  downstream 

components.  Given the result that HRG can reverse the apoptotic effect of PP1 (Fig. 6), HRG 

could be viewed as having the capability to override the inhibitory action of PP1 on c-Src or other 

family members.  In this situation, HRG could function either upstream or downstream of c-Src, 

the latter through a feedback loop. In either case, we have found that the action of PP1 on Src 

family members is reversible both in vivo and in vitro (Belsches-Jablonski, Cox, and S. Parsons, 

unpublished), indicating that such a competitive action of HRG is possible. 
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Another potential mechanism of Src/HER2 interaction suggests that the two kinases are 

members of different pathways, which converge downstream of the points of action of c-Src and 

HER2.  Since c-Src and its related family members are known to be involved in multiple growth 

factor-regulated responses (EGF, PDGF, G protein-coupled [53, 58-62]), such pathways could 

converge on HRG-stimulated pathways downstream of the action of Src.    In favor of this 

possibility is our inability to detect c-Src activation in response to HRG treatment (data not 

shown), a finding that is consistent with the notion that c-Src does not lie directly downstream of 

HRG receptors. 

Alternatively, HRG could be activating Src family members other than c-Src. Fyn and Yes 

have been found to be activated in certain types of human tumors, such as colon (63, 64) and lung 

(65, 66). However, these family members appear to be less frequently activated or overexpressed 

in human breast cancer cells or tissues than is c-Src (37; reviewed in 67), suggesting that c-Src is 

an appropriate focus of our attention for these studies. 

Despite the structural similarities between HER1 and HER2 and their involvement in the 

genesis of breast cancer and other human tumors, there are striking differences between c- 

Src/HERl and c-Src/HER2 complexes. In both a murine fibroblast model system and in a subset 

of human breast tumor cell lines, physical association of c-Src with HER1 is EGF-dependent, and 

was found to occur only in the presence of overexpression of both c-Src and HER1 (36, 37).  In 

contrast, in human tumor cell lines, the formation of HER2/c-Src complexes is constitutive, not 

dependent upon overexpression of c-Src, and insensitive to HRG treatment.   Given the many 

ligands that have been shown to bind to HER family members, it is reasonable to speculate that 

autocrine production of ligands could cause constitutive activation of the receptors and thus 

association with c-Src. In support of this is our finding that p-Tyr-containing proteins in the 170- 
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185 kDa range are seen in p-Tyr immunoblots of unstimulated lysates from each cell line which 

contains the c-Src/HER2 complex (data not shown). Treatment of these cell lines with EGF or 

HRG did not increase the overall amount of p-Tyr signal, consistent with the notion that the 

endogenous receptors were already activated. 

The correlation between the ability to detect a c-Src/HER2 complex in certain cell lines 

and to observe a biological effect on HRG-induced growth in soft agar suggests that this complex 

may be important in promoting malignant transformation.   The functional linkage between Src 

family kinases and HRG in both the anchorage-independent and -dependent growth assays 

provides additional support for the hypothesis that c-Src and HER2 co-operate at many levels to 

increase tumorigenicity, as we and others have demonstrated for c-Src and HER1 (36, 37, 40, 41, 

58, 67).   However, from available evidence we believe that the mechanism of co-operativity 

between c-Src and HER2 will be revealed to be different from that of c-Src and HER1.   For 

example, we have not observed a common downstream signaling molecule that is activated in the 

various breast tumor cell lines by HRG, while She and MAP kinase have been routinely found to 

be activated in many of those same cell lines by EGF (37; Belsches-Jablonski and S. Parsons, 

unpublished).    Current efforts are directed toward understanding the nature of the physical 

interaction between c-Src and HER2 (direct or indirect) and the signaling pathways that convey 

their overlapping and unique directives to the nucleus. 
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FIGURE LEGENDS 

Figure 1. Overexpression of HER family members and c-Src in human breast carcinoma 

cell lines. Lysates from indicated cell lines were prepared in RIPA buffer, and 100 ug protein 

was loaded per well in a 7% polyacrylamide gel. Western blots were probed with antibodies to c- 

Src (2-17); HER1 (3A and 4A); HER2 (Santa Cruz SC-284); HER3 (Santa Cruz SC-285); and 

HER4 (Santa Cruz SC-283/UBI #06-572). Primary antibodies were visualized by 125I-protein A 

except for the HER4 antibodies, which were detected with 125I-goat anti-rabbit IgG. Portions of 

this figure are reproduced from ref. 37, Copyright 1998, Wiley-Liss, Inc., a subsidiary of John 

Wiley & Sons, Inc. 
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Figure 2.   Physical association between c-Src and HER2 in human breast carcinoma cell 

lines.  Panel A:  MDA-MB-361, MDA-MB-453, MCF7 and MDA-MB-468 cells were serum- 

starved for 17 hr. and either stimulated with 200 ng/ml HRG-a (+) or incubated in fresh serum- 

free media (-) for 5 min. Cells were then lysed, and 500 u,g lysate protein from each cell line and 

treatment protocol was incubated with either anti-Src (S) (2-17 mAb), anti-HER2 (H2) or mouse 

IgG.  Precipitated proteins were separated by SDS-PAGE and transferred to a nylon membrane. 

The upper half of the membrane was probed with anti-HER2 primary antibody, and the lower half 

was probed with anti-Src (2-17) primary antibody.  Both primary antibodies were visualized by 

125I-protein A. Panel B. MDA-MB-361 and MDA-MB-453 cells were treated as in (A), except 

that 2.5 mg lysate protein and a mixture of 2-17 and GDI 1 c-Src-specific mAbs were used for the 

immunoprecipitation.  The nylon membrane was probed with 2-17 mAb.  Primary antibody was 

visualized by 125I-protein A.   Panel C.   Lysates from unstimulated MDA-MB-361 cells were 

prepared as in (A), and 1.0 mg lysate protein was immunoprecipitated with each of four different 

antibodies to c-Src (see Materials and Methods), as well as mouse anti-rabbit (MAR) or mouse 

IgG as negative antibody controls. Immunoblots were prepared as in (A). 

Figure 3.   Presence of endogenous c-Src/HER2 complexes in human breast tumor tissue. 

Tumor lysates were homogenized, lysed in RIPA detergent buffer, and clarified by centrifugation. 

Cellular proteins were immunoprecipitated with anti-Src (S), anti-HERl (Hl), anti-HER2 (H2), 

or anti-HER3 (H3) antibodies from 250 u,g lysate protein. Precipitated proteins were separated 

on 7% polyacrylamide gels and transferred to nylon membranes. The upper half was probed with 
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anti-HER2, and the lower half with 2-17 mAb. Both primary antibodies were visualized by 125I- 

protein A. (-) indicates mouse anti-rabbit IgG as a negative control for immunoprecipitation. 

Figure 4.    Effects of HRG and the Src kinase family inhibitor, PP1, on anchorage- 

independent growth of human breast tumor cells.   MDA-MB-361, MDA-MB-453, UACC- 

812, MCF7, MDA-MB-468 and SK-BR3 cells were plated in soft agar as described in Materials 

and Methods and incubated at 37°C in a humidified, 5% C02 atmosphere for two weeks in 

DMEM containing the following:   10% serum + DMSO vehicle control; 10% serum + 40 ng/ml 

HRG-a + DMSO vehicle control; 10% serum + 40 ng/ml HRG-a + 10 uM PP1; or 10% serum + 

10 uM PP1. Media with additives was replenished every 4 days. Colonies were stained, counted, 

and expressed as the mean colony number + SEM of three independent experiments, each 

performed in triplicate.   Inset depicts fold difference of HRG treatment over non-stimulated 

controls. * = significantly different than 10% serum alone (p-values < 0.05). 

Figure 5. Effects of HRG and PP1 on anchorage-dependent, reduced-serum growth and 

survival of human breast cancer cells. MDA-MB-361 (Panel A), UACC-812 (Panel B), and 

MCF7 (Panel C) cells were plated in DMEM with the following additives: 0.5% serum + DMSO 

vehicle control; 0.5% serum + 40 ng/ml HRG-a or -ß + DMSO vehicle control; 0.5% serum + 40 

ng/ml HRG + 10 uM PP1; or 0.5% serum + 10 uM PP1, as described in Materials and Methods. 

The cultures were incubated for 5 days, with replenishment of media containing the appropriate 

additives at day 2.5. Cell number at Days 0 and 5 was determined by the MTT assay and is 

expressed as mean fold-change + SEM relative to Day 0. Day 0 density was determined 12 hr 

after plating. Results are pooled from 4 independent experiments, each performed in triplicate. # 
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= significantly different than day 5, 0.5% serum alone, vj/ = significantly different than day 5, 0.5% 

serum+ HRG. p-values < 0.05. 

Figure 6. Anti-apoptotic effects of HRG and Src family kinases in human breast tumor cell 

lines. Cells were plated onto glass coverslips (5 X 104 cells/coverslip) and grown in one of the 

following, DMEM plus: 0.5% serum alone + DMSO vehicle control; 0.5% serum + 40 ng/ml 

HRG-a + DMSO vehicle control; 0.5% serum + 10 uM PP1; or 0.5% serum + 40 ng/ml HRG-a 

+ 10 jiM PP1, and incubated for 3 days.   Cells were then fixed in 4% paraformaldehyde and 

permeabilized, and nuclei were stained for DNA with DAPI.   At least 400 cells per treatment 

were counted for apoptotic nuclei in two separate experiments. A 2-min UV-B treatment and 48 

hr recovery in serum-free media was used as a positive control for apoptosis.  Panel A: MDA- 

MB-361; Panel B: UACC-812; Panel C: MCF7. * = significant difference between 0.5% serum 

or 0.5% serum + HRG + PP1 and 0.5% serum + PP1 (p-values < 0.05). 
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